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ABSTRACT 
FLUORINE-BASED INORGANIC OXIDIZERS FOR USE  
IN METAL-BASED REACTIVE MATERIALS 
by 
Siva Kumar Valluri 
This work explores inorganic fluorides as oxidizers for fuel-rich reactive materials.  A 
preliminary assessment of metal fluorides accounting for their enthalpy of formation 
points to bismuth (III) fluoride, BiF3 and cobalt (II) fluoride, CoF2 as oxidizers of 
interest. Initially, composite powders of aluminum with chosen fluorides at 50-50 wt. % 
are prepared by arrested reactive milling. Despite an increase in reactivity and low-
temperature ignition, the prepared composite powders are insensitive to initiation by 
electro-static discharge (ESD), making them attractive alternative to analogous thermites 
having very high ESD sensitivity. In air, the composite powder particles burn faster than 
reference aluminum particles of the same size. Very high combustion temperatures are 
observed suggesting gasification of a significant fraction of the fluorinated combustion 
products. However, in hydrogenated environments, fluorination of the fuel is hindered 
due to cannibalistic side-reaction between fluoride and water vapor; as a result the burn 
rates for composite particles are the same or even lower than for pure Al.  
Further, nickel (II) fluoride is considered as an oxidizer in more aluminum-rich 
compositions. Milling protocol is refined to achieve low ignition temperatures for the 
selected composition. Similar fast burn times and low ignition temperatures in air is 
achieved with only 30 wt. % of NiF2 suggesting it is possible to prepare even more fuel-
rich composites with attractive reactivities by further refining the mixing scale between 
ii 
fuel and oxidizer. The aerosol of aluminum-nickel fluoride composite burns with higher 
efficiency than spherical aluminum powder with comparable size distribution.  
Boron-based compositions with 50 wt. % of both fluoride oxidizers are similarly 
prepared and characterized. The nascent hydrated boron oxide layer is found to react with 
the fluoride and initiates low-temperature ignition. The composites burned in air faster 
than boron yielding gaseous reactive fluorinated products of interest to chemical and 
biological agent-defeat applications. The fluoride content is reduced to characterize the 
effect of composition to develop boron-replacement fuel. Additionally, solvent-based 
nanometric BiF3 coating is deposited on boron particle to homogenously disperse smaller 
quantity of fluoride. It is observed that only 10 wt. % of fluoride is sufficient for both 
milled, and coated boron powders to ignite readily and burn much faster than boron in 
air. During combustion, the reduced metal, Bi, functions as a catalytic oxygen-shuttle 
accelerating the particle burn rate.   
Finally, silicon-based compositions with the same fluoride oxidizers are prepared 
and characterized. For all the three fuels, ignition is found to be driven by low-
temperature oxidation initiated by fluorination. The fluorination mechanism is based on 
multiple factors such as fluoride stability in air, fuel reactivity and alloying tendency 
between metal fuel and metal reduced from the fluoride.  Fluoride decomposition-driven 
ignition is observed in boron and silicon-based composites for different fluorides. For 
composites of Al with CoF2 and NiF2, fluorination occurs through redox-reaction; for 
Al·BiF3, the reaction was driven by decomposition of BiF3.   
Directions of possible future work are outlined based on the results and properties 
of different inorganic fluorides.  
iii 
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Fluorine containing oxidizers, primarily polymers, are extensively used in pyrotechnic 
compositions. Fluorinated oxidizers are less explored for metalized propellants and 
explosives despite a potential advantage of substantial heat release combined with gaseous 
combustion products. This review summarizes different types of fluorinated oxidizers used 
in energetic formulations or of potential interest for such systems, including gases, 
polymers, and inorganic compounds. Types of energetic formulations employing metals 
and fluoropolymers are discussed in more detail, including methods used to prepare 
composites and resulting salient features of the obtained materials. Laboratory experiments 
characterizing such materials, in particular, electron microscopy and thermal analysis, are 
discussed, showing characteristic morphologies and reaction sequences observed in 
different metal-fluorinated oxidizer composites. Striking similarities are noted in reaction 
sequences for diverse compositions hinting at possible similarities in the respective 
reaction mechanisms. Experiments probing ignition and combustion of metal-fluorinated 
oxidizer composites in laboratory conditions are also reviewed, including impact, flash 
heating and shock ignition. Finally, some practical performance tests for energetic 
formulations are described following by a brief discussion of the reaction mechanisms 
 
 
1 The findings presented in this chapter have been published in the peer-reviewed journal, Defence 
Technology under the reference listing: 
Valluri, S. K., Schoenitz, M., and Dreizin, E.L., Fluorine-containing oxidizers for metal fuels in 
energetic formulations, Defence Technology, 2019. 15(1): p. 1-22. 
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expected to govern ignition and combustion in various metal-fluorinated oxidizer 
composites. The conclusions are combined with recommendation for future research in the 
area of reactive metal-fluorinated oxidizer composites.  
1.2 Fluorine as Oxidizer in Metallic Energetics  
Metal powders may serve as excellent fuels due to their high volumetric and gravimetric 
heat release upon combustion [1-7]. They also generate high combustion temperatures, 
sometime in excess of 3000 K, attractive for high-efficiency propellants, enhanced blast 
explosives, and specialized pyrotechnics [4-7]. Applications in dual use materials, such as 
structural energetic or reactive materials are also explored [8-10]. The thermodynamic 
benefits of metals, are offset by their relatively long ignition delays, low burn rates, and 
generation of condensed products, such as oxides, as a result of combustion [11]. Further, 
the primary combustion products, condensed oxides reduce work produced by the burning 
energetic composition and cause so-called two-phase losses [12-14], which are detrimental 
for solid propellants and some explosives. 
In many energetic formulations, metals are combined with aggressive oxidizers, 
such as sodium or potassium perchlorate [15, 16], to increase their reaction rate. However, 
use of such aggressive oxidizers is associated with difficulties in handling and storing 
energetics.  In addition, it is important to reduce environmentally undesirable emissions, 
e.g., corrosive chlorinated products.  In some cases, metals may be combined with other 
oxidizing compounds, such as metal oxides in thermite compositions [17-20]. Such 
compositions are capable of generating very high temperatures; however, the shortcomings 
associated with the low burn rates and final condensed products remain. An approach of 
increasing the burn rates for metals by reducing the sizes of metal particles and mixing 
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them with finely divided oxidizers has been actively explored over the last decade [7]. 
Indeed, the ignition delays were observed to shorten; however, the burn rates commonly 
are weakly affected because of rapid sintering of nanostructured materials, which thus lose 
their structural advantages upon ignition [21, 22]. Furthermore, the sensitivity of the nano-
scale metal-oxidizer systems to various ignition stimuli, including, in particular,  
electrostatic discharge (ESD), was also reported to become very high [23], making it 
difficult to handle such materials.  In summary, ignition delays, low burn rates, high 
sensitivity to ignition by ESD, and generation of condensed oxides as combustion products 
are main impediments to wider use of metal fuels in advanced energetic formulations. 
Fluorinated oxidizers may alleviate some of the above issues, mostly due to the 
combination of high heats of formation of metal fluorides, comparable to that of metal 
oxides, with the relatively high vapor pressure of metal fluorides and oxyfluorides, which 
volatilize more readily than refractory oxides for most of the energetically interesting 
metals. 
Fluorine is the most electronegative element known, with an electronegativity of 
3.98 on Pauling scale [24]. It is more reactive than most non-metals and is therefore not 
found in nature in its elemental form. Its unique behavioral traits arise from multiple factors 
such as relatively small atomic size, strong electron affinity, weak molecular F-F bond, and 
weak polarizability.  These characteristics can be combined in the concept of chemical 
hardness [25]. Calculated atomic radii and reported values of the chemical hardness are 
shown in Table 1.1.  Indeed, fluorine is the hardest Lewis base of the typical oxidizing 
elements. The oxidation strength of fluorine-based species compared to other halogens in 
aqueous solutions is greater or, in some cases, comparable to chlorine [26].  
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The product of fluorination, the reaction where fluorine oxidizes a metal/metalloid 
and sometimes non-metals like oxygen, hydrogen, and even inert gases like xenon, is 
primarily a fluoride. The enthalpy of formation of some fluorides and their corresponding 
oxides of some reactive metals are compared to each other in Figure 1.1. The values are 
shown normalized by the number of metal ions (A) and by number of anions (B), 
respectively.  Per mole of fuel consumed, formation enthalpies of metal fluorides always 
considerably exceed those of their respective oxides.  However, due to the valence 
difference between fluorine (1) and oxygen (2), formation enthalpies per fluorine anion are 
on average about 50 kJ/mol less exothermic than per oxygen anion.  Thus, deciding 
whether use of fluorine as oxidizer is thermodynamically advantageous depends on 
whether an application is limited by the amount of fuel or oxidizer.  Further, the enthalpies 
of formation of binary fluorides exceed those of other halides for carbon [27, 28], boron 
[29], all alkali metals [29], and even phosphorus (III)[29]. 
Table 1.1 Calculated Atomic Radii, and Chemical Hardness Values of Some Common 
Oxidizing Elements 




Fluorine 0.42 7.01 
Oxygen 0.48 6.08 
Chlorine 0.79 4.68 
Sulphur 0.88 4.14 
Bromine 0.94 4.22 
Iodine 1.15 3.69 
Sources: Atomic radii [30], and Chemical hardness values [25]. 
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Figure 1.1 Enthalpies of formation of selected fluorides and corresponding oxides of 
reactive metals. 
In addition to thermodynamic considerations, formation rates are systematically 
different between fluorides and oxides. The rates of scaling metals by both fluorine and 
oxygen are limited by diffusion of the reactants through a growing layer of product forming 
at the fuel/oxidizer interface [31].  For example, it has been reported that the scaling of iron 
by fluorine gas has a low activation energy of 8.4 kJ/mol in the temperature range of 225 
– 525 °C [31]. On the other hand, oxidation of iron in oxygen below 570 °C is reported to 
have a much higher activation energy ranging from 130 to 160 kJ/mol, depending on the 
crystal orientation [32]. The heterogeneous oxidation of iron remains slow even at much 
higher temperatures exceeding 900 °C [33].   
For practical purposes, fluorine as an oxidizer is available from gaseous, polymeric 
and inorganic compounds.  The dissociation energies of selected bonds in such compounds 
are presented in Table 1.2. Bond dissociation energies are expected to be a factor, 
influencing ignition in energetic composites. The bond dissociation energy of solid metal 
fluorides is slightly higher than the dissociation energies seen in fluorine-based gases like 
F2 and SF6, and comparable to that of C-C bonds in fluorocarbons. Compared to inorganic 
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gases, the C-F bonds in fluorocarbons are more stable by about 100 kJ/mol, making the 
energetic cost of fluorine release slightly higher [32]. 
The bond energies given in Table 1.2 for metal fluorides and SF6 are average 
values. Typically, fluorine atoms are dissociated one at a time, and the bond energies for 
the first and subsequent fluorine atoms removed from a fluoride are different. The bond 
energy of the first removed fluorine is likely to be the greatest, making it easier to cleave 
subsequently dissociated atoms. Thus, the values in Table 1.2 may serve only as a first 
approximation when assessing prospective ease of metal ignition using a metal fluoride as 
compared to fluorinated polymers as oxidizers. Note also that the bond energies in 
fluorocarbon polymers may be higher than shown in Table 1.2 due to the contribution of 
the other perfluorinated groups and chains attached to the carbon in question. However, in 
all fluorocarbons, the C-C bonds are comparatively easier to cleave compared to the C-F 
bonds, and therefore carbon-carbon dissociation often precedes release of fluorine during 
decomposition of carbon-based fluoropolymers. 
Table 1.2 Bond Energies of Gas Phase Oxidizers, Common Fluorocarbon Bonds and 
Fluoride Bonds of Some Prospective Metal Fluoride Oxidizers 
Compound type Compound Bond Dissociation 
energy, kJ/mol 
Inorganic gases F2 F-F 157 
SF6 S-F 343 
Fluorocarbons CF4 F3C-F 547 
C2F6 F5C2-F 531 
C2F6 F3C-CF3 413 
C3F8 F5C2-CF3 428 
C2OF6 F3CO-CF3 423 




CuF2 Cu-F 431 
CoF2 Co-F 435 
BiF3 Bi-F 259 




Potential advantages of fluorinated oxidizers with metal fuels may also be 
associated with the type of formed combustion products. The properties of metal fluorides 
formed as combustion products are quite different from their corresponding metal oxides. 
Table 1.3 contains relevant thermochemical and physical properties of some of the 
fluorides and oxides of metals used or considered for use in energetic formulations.  

























Li  LiF 845 1717 -617 Li2O 1438 2600 -299.5 
Mg  MgF2 1263 2262 -1124 MgO 2852 3600 -601.8 
Ca CaF2 1417 2484 -1229 CaO 2572 2850 -1207 
Ti TiF3 - 950 -1436 Ti2O3 2130 decomp. -760.45 
TiF4 283 - -1649 TiO2 1843 2972 -945 
Zr ZrF3 1190 decomp.  - - -  
ZrF4 - 903 -1991 ZrO2 2715 4300 -1097 
Mn MnF2 900 1820  MnO 1945 -  
Fe FeF3 - 926 -1039 Fe2O3 1565 decomp. -411.1 
FeF2 940 1800 -705.9 FeO 1377 3414 -272.04 
Zn ZnF2 872 1500  ZnO 1975 2360  
B BF3 -129 -100 -1137 B2O3 450 1860 -636 
Al AlF3 - 1275 -1510 Al2O3 2072 2977 -834.9 
Si SiF4 -90.3 -86 -1615 SiO2 1600 2230 -859.4 
Sn SnF2 213 850  SnO 1080 -  
SnF4 - 701  SnO2 1630 1800  
Source: [38]. 
The fluorides are usually more volatile than the corresponding oxides, and in some 
cases, the fluorides are gases at standard conditions. These cases include fluorides of 
practically important fuels boron and silicon: boron fluoride (BF3) and silicon tetrafluoride 
(SiF4). The semiconductor industry exploits this by using fluorine-rich gases, like SF6, to 
etch silicon wafers removing the gaseous product SiF4 [39]. Another important combustion 
product of aluminum, aluminum fluoride (AlF3) sublimates readily [40] unlike the 
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refractory Al2O3. In presence of oxygen, the oxyfluorides (e.g., of boron and aluminum) 
may be formed, which are usually gaseous species as well. Thus, adding fluorine as an 
oxidizer for metal combustion makes it possible to generate more gaseous products and 
thus avoid or minimize the two-phase losses caused by the formation of condensed metal 
oxides [41, 42].  At the same time, the effect on the energy released or flame temperature 
is relatively minor. For example, effects of using a fluorinated additive, 
polytetrafluoroethylene (PTFE or Teflon®), to an aluminized solid propellant with 
ammonium perchlorate (AP) as the main oxidizer and hydroxyl-terminated polybutadiene 
(HTBP) as a binder were considered by Sippel et al. in [43]. Calculated effect of pressure 
on the flame temperature for such a propellant is shown in Figure 1.2. Sublimation 
temperatures for AlF3 are shown for comparison. Adding PTFE reduces the adiabatic flame 
temperature slightly; however, the temperature remains much higher than the temperature 
of sublimation of AlF3 for the entire range of pressures considered. Thus, gas products are 
generated, whereas without PTFE, most of the products predicted to form in equilibrium 
are condensed oxides. Note that the AlF3 sublimation temperatures are not attained for the 
90% Al composition without the AP, while they are achieved if 70% Al react with 30% 
PTFE. Combining the AP with PTFE makes it relatively easy to custom tailor the flame 




Figure 1.2 Different formulation flame temperatures and aluminum fluoride sublimation 
temperatures as a function of pressure. 
Source:[43]. 
1.3 Types of Fluorinated Oxidizers  
1.3.1 Gases 
The use of elemental fluorine, as an oxidizer has long been considered in aerospace and 
aeronautic propulsion systems. Fluorine-liquid oxygen or FLOX, has been explored as an 
oxidizer in hybrid propellant engines for lithium based fuels [44]. It was also suggested to 
use FLOX with aluminized fuels in hybrid engines [45]. However, because of concerns 
over safety and handling procedures for extremely potent oxidizing agents like OF2 and 
other active species, the studies on FLOX application were rather limited.  
Fluorine based gases, which are relatively stable and even inert in most conditions, 
like SF6, have been used as oxidizers for metallic fuels in laboratory experiments. 
Aluminum was found to burn in SF6 environment without any condensed phase products 
[46]. In the same study, it was shown that for a broad range of ratios of oxygen to fluorine 
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(present as SF6), formation of oxyfluorides, like AlF2O, effectively reduces the formation 
of condensed Al2O3. Despite being non-toxic and easy to handle, SF6 is not a practical 
oxidizer. It is not attractive thermodynamically because of its relatively high heat of 
formation.  The presence of sulfur is also undesirable for most metal-based energetic 
systems. Generally, gas oxidizers are less attractive for energetic formulations than 
condensed phases, capable of high packing densities, and, respectively, high energy 
densities.  
1.3.2 Fluorocarbons   
The discovery of polymers offered a stable, diverse, and safe group of fluorinated 
condensed phases, which could be incorporated into energetic formulations relatively 
readily. Although the mechanical properties of polymers were initially found to be 
conducive to use as binders, their utility as oxidizers was also appreciated early on. Table 
1.4 has a list of commonly used fluoropolymers.  
Table 1.4 Fluoropolymers Common in Energetic Compositions 
Acronym Full form Formula 
PCTFE Polychlorotrifluoroethylene -(C2ClF3)n- 
PVDF Polyvinylidene fluoride -(C2H2F2)n- 
PVF Polyvinyl fluoride  -(C2H3F)n- 
FEP Fluorinated thylene-propylene polymer -(C2F4)n-(C3F6)m- 
ECTFE Ethylene chlorotrofluoroethylene  -(C4H4ClF3)n 
ETFE Ethylene-tetrafluoroethylene -(C4H4F4)n- 
PFA Perfluoroalkoxy polymer -(C2F4)n-(C2F3OCF3)m- 
PTFE Polytetrafluoroethylene  -(C2F4)n 
THV Tetrafluoroethylene Hexafluoropropylene 
Vinylidene  
-(C2F4)n-(C3F6)m-(C2H2F2)o- 
PFPE Perfluorinated polyether -(C2F4O)n- 
Very few polymers in this list are perfluoropolymers, i.e., composed only of carbon 
and fluorine. The rest contain hydrogen or other halogens, like chlorine. The 
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perfluoropolymers are of particular interest as they have greater fluorine content. Among 
different fluoropolymers, PTFE finds the widest range of applications in energetics. Table 
1.5 lists some of the perfluorinated carboxylic acids used in energetics. These acids are 
large, linear molecules, which are completely fluorinated, save for the carboxylic groups 
at the chain ends. 
Table 1.5 Perfluorinated Alkylcarboxylic Acids Used in Energetic Compositions 




PFSA Perfluoro sebacic acid HOOC C8F16COOH 12 
PFPA Perfluoropentanoic acid C4F9COOH 5 
PFNA Perfluorononanoic acid C8F19COOH 10 
PFUDA Perfluoroundecanoic acid C10F21COOH 12.6 
PFTDA Perfluorotetradecanoic acid C13F27COOH 16.4 
In Figure 1.3, the decomposition temperatures and fluorine content for materials 
introduced in Tables 1.4 and 1.5 are shown. The polymers are grouped into three quadrants; 
each quadrant could be associated with common applications. Polymers in quadrant (A) 
have higher carbon/low fluorine content combined with higher decomposition 
temperatures. As oxidizers, they typically react relatively slowly yielding carbonaceous 
products. This makes such polymers useful for applications in pyrotechnic formulations 
including various visible light and infrared obscurants and screens. Obscurants have been 
prepared with PCTFE [47], PVDF [48], and PMF [49].  
Fluorocarbons in quadrant (C) have been used to coat reactive metallic powders to 
protect pyrophoric compositions [50] and to modify their combustion behavior [51, 52]. 
They have been used as ‘surface enhancers’ due to high fluorine content and thus enhanced 
reactivity and hydrophobic properties; they are stable at room temperature but deteriorate 
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as temperature rises [50, 53]. These are primarily perfluorinated alkyl carboxylic acids. 
The polymers shown in quadrant (B) are most interesting for broader ranges of applications 
in energetics.  They have both, high decomposition temperature and fluorine content. Due 
to higher fluorine content, reactivity is improved, and gaseous products are readily 
produced. At the same time, the polymer oxidizers are robust, enabling longer storage and 
allowing for processing at elevated temperatures. In general, simple polymers in quadrant 






































Figure 1.3 Fluorinated polymers and acids grouped based on their fluorine content and 
decomposition temperatures or boiling points. 
The fluorocarbons used thus far are conventional linear polymers/acids exploiting 
the exothermicity of the energy stored in C-F bonds. An extension of the energetic benefits, 
through strained structures was suggested by Koch [57]. Based on their enthalpy of 
combustion, as a measure of strained carbon skeletons and their hybridization and 
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fractional electron transfer, as a measure of reactivity, several compounds were considered 
of interest. The reactivity is ranked highest for the most strained structures, fluoro-
fulleranes. These fluorocarbons are prospective oxidizers that require further experimental 
focus.  
1.3.3 Metal Fluorides  
Metal fluorides may be useful as stable solid fluorinated oxidizers although we were unable 
to find references to respective experimental or practical formulations aside from some 
very recent work [58, 59]. The crystalline nature of these salts makes them more brittle 
compared to soft polymers. Thus, mixing metal fluorides and metals may be achieved more 
readily by mechanical milling, used recently for preparation of many metal-based reactive 
materials with attractive properties [59]. The properties of metal fluorides vary widely; 
some of the more stable and less hygroscopic materials, such as CuF2, CoF2, BiF3 and NiF2, 
may be more attractive as oxidizers than other fluorides, which are difficult to handle at 
ambient humidity. 
Enthalpies of formation, normalized by mole of fluorine, for some potential metal 
fluoride oxidizers are shown in Figure 1.4 along with that for PTFE. All metal fluorides 
carry a thermodynamic penalty as oxidizers, compared to PTFE.  However, and as 
discussed above and shown in Table 1.3, the combustion products in thermite reactions 
with commonly used fuels, e.g., Al or B are fluorides and oxyfluorides that are more 
volatile than oxides. This allows for large volume of gaseous products, comparable to that 
produced by the compositions with polymeric oxidizers.  In addition, metal fluorides may 
be processed by powder methods, and the absence of carbon may account for different 






































Figure 1.4 Heats of formation of PTFE and prospective metal fluoride oxidizers.  
Sources: [38, 60].  
1.4 Metal-based Energetic Systems with Fluorine-containing Oxidizers 
1.4.1 Pyrotechnics  
Pyrotechnic compositions are developed as igniters and initiators, including delay lines; 
they are also designed to generate specific gases, pressure profiles, high temperature, light, 
and sound effects. Energy density may be a less important metric for pyrotechnic 
formulations customized to generate optical emission with specific spectral range and 
duration and achieve precise timing of the combustion event. Fluorinated compounds are 
used most extensively in this class of energetics. For example, magnesium-Teflon®-Viton 
(MTV) is a very common composition for various pyrotechnic formulations [61-63] as 
elaborately summarized by Koch in Ref. [64]. Metal-fluoropolymers constitute a very 
important type of pyrolants as reviewed by Koch in [65]. The majority of the compositions 
and materials contain PTFE polymer as the primary source of fluorine species. Table 1.6 
provides a few examples of fluoropolymer-based compositions used in pyrotechnics.  
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While metal-fluoropolymer compositions are used in practical pyrotechnics, 
current work remains active aimed at improving mixing and morphology of metal-
fluoropolymer composites, characterizing their aging, as well as extending the range of 
time delays, temperatures, emission, and pressure patterns achievable with such materials.  
Table 1.6 Examples of Fluoropolymers Used in Pyrotechnic Formulations 
Class of Pyrolants  Materials 
Agent defeat payloads (High Temperature Incendiary) HTI-J-1000 (B/PTFE based) [66]  
Countermeasure Flares Mg/PCTFE/Viton [67], MTV [68], RR81, RR-82 [69] 
Incendiaries Napalm Substitute (Mg/Iron/PTFE based) [70], MTV [71]  
Tracers Pink Tracer (MTV based)[72], Small arms tracer (MTV based) [73] 
Igniters  MTV [74] 
Reactive Fragments  RM4 (Al/PTFE based) [75], Ti/PTFE and Ta/THV [76] 
1.4.2 Propellants 
Unlike pyrotechnics, most metallized propellant and explosive compositions including 
fluoropolymers remain experimental. For both propellants and explosives, energy density 
is of primary importance and thus additives, which might reduce the energy density, even 
if improving reaction rate and gas generation, may be unacceptable. For example, 
Mg/PTFE propellants have attractive burn rates, but their energy density is relatively low. 
Efforts are currently active to increase their energetic potential by adding boron-based 
thermites [77].  
Materials for consideration as explosives and propellants include milled materials 
[78-81] and consolidated mixtures [82]. The constituent fuel powders are often micron 
sized spherical aluminum [56, 78-82] and magnesium [79]. Additionally, nano-metric 
aluminum (n-Al) powder has also found use in underwater explosive formulations [83, 84]. 
The oxidizer of choice for such propellant/explosive systems has been micron sized 
Teflon® [56, 78, 80-82, 85].  
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The milled materials have all been prepared using interrupted milling runs, to allow 
for intermittent cooling of the milled powders. Various compositions were tested; 
compositions with close to stoichiometric Al/PTFE ratio, approximately 30 wt% of Al, 
were found to have the highest flame velocities [85]. However, for propellants, very fuel-
rich compositions with ca. 70 wt. % of Al were favored [80, 81] as the objective was to 
maximize the aluminum content enabling reaction with other oxidizers. Primary oxidizers, 
such as AP were added to employ PTFE as a secondary oxidizer/gas generator reacting 
with the aluminized fuel [80]. With added PTFE reduced agglomeration of condensed 
combustion products of an aluminized solid propellant was observed by Sippel et al. in 
[80].  This is illustrated in Figure 1.5.  Reference propellants used spherical Al, flake Al, 
and n-Al powders. For spherical Al, most of the particles become bright, and thus ignite, 
at a significant distance from the propellant surface. For flake Al, ignition appears to be 
closer to the propellant; however, most burning streaks are produced by very large, slowly 
burning droplets. In both cases, the thermal feedback from metal combustion to the 
propellant is negatively affected by the slow heat release at a distance from the propellant 
surface. Particles of n-Al ignite close to the propellant surface; however, the heat release is 
negatively affected by their relatively lower energy content, diminished because the surface 
oxide layer comprises a substantial volume fraction of the material [86]. With PTFE added, 
micron-sized aluminum particles are less agglomerated; they ignite and burn close to the 
propellant surface. This is expected to lead to an improved performance of the solid 
propellant. Several recent efforts considered solid propellants combining mechanically 
activated (ball milled) aluminum with PTFE [87, 88], observing an increased burn rate 
without decrease in the propellant’s energy density.  
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Boron is pursued as a replacement to aluminum in metal/fluoropolymer propellant 
compositions due to its high volumetric and gravimetric energy density. Primarily, PTFE 
was used as the polymer in almost all of these preparations. It was found by Young et al., 
[89] that the ignition and combustion behavior of boron was improved by addition of PTFE 
in experiments with heating rate of 105K/s and various pressures to simulate propellant 
burning conditions. In a lab scale propellant experiment, linear regression rates of sintered 
and un-sintered powders in a diffusion flame were measured with gaseous oxygen as an 
added oxidizer. Sintered mixtures of B/PTFE, containing mass percentages greater than 25 
wt. % of boron were found to not combust at atmospheric pressures in the absence of pure 
oxygen. For un-sintered mixtures at the same condition, boron mass percentage could reach 
up to 30 wt.% for combustion to occur [90]. The formation of gaseous BF3 and hydrolyzed 
B(OH)3 was confirmed through FTIR. At elevated pressures, the fuels tested could self-
propagate without additional oxygen with up to 40 wt. % boron loading due to improved 
porosity [91]. Several practical propellant experiments in hybrid rocket engines [92] and 
small-scale ramjet engines [93] were undertaken to test the B/PTFE fuel in solid 
propellants.  
Boron has also been explored as an additive to fluorinated propellant formulations 
with another metal as a primary fuel. Studies with boron added to Mg/PTFE propellant 
compositions show the propellant ignited less readily though its overall combustion heat 
was improved [94]. A different study used pressed pellets of sonicated blends of milled Si 
and PTFE powders, in which silicon was doped with different amounts of boron. The 
apparent activation energy of the reaction decreased while the burn rates of the pellets 





Figure 1.5. Images of solid propellant combustion with different aluminum-based 
additives, including PTFE.  
Source: [80].  
1.4.3 Explosives  
The PTFE-containing systems explored for potential use in explosives did not have any 
added oxidizers apart from PTFE but contained initiators like RDX and HMX representing 
less than 15 wt. % of the system [56, 79, 82]. The use of metal-fluoropolymer composites 
in explosives was also discussed by Dolgoborodov et al. in [96, 97], where it was suggested 
that Al-PTFE mixtures subjected to high energy ball milling, consolidated, and initiated 
with a primer are capable of detonation. The observations of detonation-like propagation 
may be associated with release of gaseous combustion products in confined condition. In 
some experiments, the packing density was relatively low, in the range of 0.16-0.25 of the 
theoretical maximum density (TMD) [85], enabling gas evolution upon initiation. The 
materials with a higher aluminum content included over 50 wt. % of aluminum and had 
very dense packing of around 85-95% of TMD [43, 82]. Depending upon the composition 
and density of packing, very high flame velocities of 700 – 1300 m/s, referred to as 
detonation velocities for these experiments, have been observed [56]. Even in the case of 
powder mixtures, consolidated shapes were found to exhibit stable detonation when shock 
loaded. Mixtures of micron sized spherical powders, prepared to be slightly fuel-rich with 
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compositions of 55/45 wt. % of Teflon®/Al, were used in detonation experiments. These 
prepared powders were consolidated into shapes of various thickness and lengths. One such 
prepared shape is shown in Figure. 1.6 (marked “before”) with a 30-mm cross section and 
~30-mm length. These consolidated shapes had a high relative density with 93 % TMD 
and were initiated by a shock wave (caused by RDX or HMX boosters). For a densely 
packed sample initiated by a relatively small HMX booster (with HMX representing 10-15 
wt. % of the charge), the Teflon®/Al system displayed steady state detonation-like 
reactions with velocities of around 6.3 km/s [82].  The temperature was 2800 K for smaller 
cross-sections of 3 mm and smaller thickness of 6.4 mm, while it was reduced to 1800 K 
for greater cross-sections of 61 mm. The consolidated systems lose material as large chunks 
breaking off, as seen in the after-detonation image in Figure. 1.6.  
 
Figure 1.6. Consolidated Al/PTFE mixture (45/55 wt. %) with 30-mm cross section 





Despite the plausibility of detonation-like regimes observed for some compositions, 
further studies on combustion of bulk samples are desired. Detonation in a solid charge 
remains an elusive [98] but very interesting phenomenon, which, if confirmed, can find 
uses in a range of explosive systems.   
1.4.4 Reactive Structures  
Some of the first materials designed to have dual use as structural components and sources 
of chemical energy, referred to as reactive materials or reactive structural materials, were 
prepared as Al-PTFE composites [99, 100].  These compositions were developed further 
once n-Al became available [101], still relying extensively on fluoropolymers as binders 
capable of enhancing initiation and combustion of such materials. Prepared composites 
were initiated by impact, generating substantial pressure pulse, desired for applications. 
The density of such composites is relatively low, however. Respectively, more recent work 
focused on combining fluoropolymers with mixtures of metals, including titanium and 
high-density tungsten [102, 103].  
1.5 Current Research: Composites of Metals with Fluorinated Oxidizers 
The fuels used primarily in practical applications with fluorinated oxidizers are aluminum 
and magnesium. Boron and titanium are considered in related research. Silicon 
compositions have also been explored in some studies as surveyed in Ref. [104]. Different 
methods including sputtering, electro-spraying, sintering, mixing and ball milling are used 
to prepare composite materials combining metals with fluorinated oxidizers. Except for 
some very recent work [58, 59], all such oxidizers have been polymers. Particle 
morphology and structures are studied using scanning and transmission electron 
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microscopy methods (SEM and TEM). Depending on the preparation technique, the 
composite structures may contain varying interfaces between the metal fuel and 
fluoropolymer oxidizer. The nature and specific area of such interfaces is of critical 
importance for understanding both initiation and propagation reactions in such materials. 
The methods of composite preparation and the structures so prepared are briefly discussed 
below primarily for aluminum-based systems due to the wide variety of research performed 
in aluminum-polymeric systems.  
1.5.1 Mixed Powders 
The practical importance of mixed powders in energetic formulations is limited due to 
difficulty in processing which could cause the separation of components and therefore 
decrease mixing homogeneity. However, mixed powders are prepared easily for laboratory 
studies, aimed at initial understanding of more practical complex systems, such as 
laminates and consolidated composites. 
The powders of aluminum preferred as fuel are usually spherical micron-sized or 
nanometric powders. Various sizes, e.g., 15 nm [105], 50 nm [105, 106], 80 nm [105, 107] 
as well as micrometric powders, 1-3 µm [105, 106]  have been employed. PTFE is the most 
explored fluorinated oxidizer and its powders typically have larger particle sizes, although 
a 200-nm powder is available from Dupont as Zonyl MP-1100 [105-107]. Compositions 
prepared were fuel rich, with 70 wt. % [105, 108] and 60 wt.% [107] of aluminum.  
The mixtures are prepared through sonication of powders in a liquid dispersant like 
hexane and then evaporating the dispersant [105, 108]. Fluorine is separated from 
aluminum in these mixtures by two interfaces: aluminum-alumina and alumina-PTFE (or 
alumina-FeF3 [58]). The amount of unoxidized or active aluminum maybe reduced 
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noticeably for nano powders, for which the particle size becomes comparable with the 
oxide layer thickness. The natural aluminum oxide thickness is hardly dependent on the 
particle size and varies around  2.7-3 nm [107]. This corresponds to about 90 wt. % of 
active Al for 80-nm powder. Figure 1.7(A) shows a characteristic image of n-Al powder 
mixed with nano-PTFE [108]. Figure 1.7(B) shows SEM images of n-Al-PTFE prepared 
similarly but in a different study. The agglomeration in the n-Al powder is observable. The 
mixture seen in Figure 1.7(B) shows PTFE particles compressed into non-spherical shapes. 
The two prepared powders, despite the same preparation technique have different structure, 
possibly due to difference in sonication intensity and duration, or simply due to difference 
in the PTFE powders used in the preparation. 
The scale of mixing is relatively coarse and most of the surface of the fuel is only 
indirectly exposed to the oxidizer. This may be a concern, considering the gaseous nature 
of intermediates/ decomposition products of PTFE, the primary oxidizing species [109], 
which may escape the system without interacting with the surface of the fuel powder at 
lower heating rates. In an experiment by Hobosyan et al., [109] where ~150 µm sized 
alumina powder was heated with PTFE (~1- µm sized, by Sigma Aldrich) at various 
heating rates, an exothermic reaction was observed only at the rates above 150 K/min. 
However nanometric alumina powders (15 – 50 nm) with nanometric PTFE (200 nm) show 
exothermic reactions even at lower heating rates of 20 K/min [110]. Osborne et al. report 
that the nanometric powders show greater reactivity due to larger fuel surface area exposed 
to PTFE [105], which agrees with the difference in behavior between nanometric powders 
used by Pantoya and Dean [110] against the micron-sized powder studied by  Hobosyan et 




Figure 1.7 (A) TEM image of a mixture of n-Al and micron sized-PTFE. (B) SEM image 
of a mixture of spherical 50-nm Al and 200-nm PTFE (Zonyl®). 
Source: [106, 108]. 
Another popular method for preparing Si/Teflon/Viton, Al/Teflon/Viton mixtures 
is through Shock-gel technique that involves the dissolution of the polymer in a low boiling 
ketone and mixing with Teflon and Si or Al and later precipitating the excess polymer 
through addition of non-polar solvent [111]. The blends are then extracted by drying the 
solvents. This method has long been used to prepare Mg/Teflon/Viton (MTV) powders as 
pointed out by Koch [65]. 
1.5.2 Core Shell Structures 
Core-shell structures have been prepared with two major geometries: as coated spheres [50, 
51, 112-115] and rods [116, 117]. For both shapes, the core is commonly fuel and the shell 
is the polymeric oxidizer. The spherical core-shell structures are more common, however 
core-shell rods are used in the case of Mg-PTFE [116] and Si-PTFE [117] systems. 
Table 1.7 summarizes different types of coated aluminized fuels prepared by 
various techniques. A  broad range of polymers, such as PVDF [118] and PTFE [51], as 
well as perfluoroalkyl acids, such as PFTD (perfluorotetradecanoic acid) [113], PFS 
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(perfluoro sebacic acid) [113], PFNA (perfluro-nonanoic acid) [50], PFTDA 
(perfluorotetradecanoic acid) [50], PFPA (perfluoropentanoic acid) [112], and PFUDA 
(perfluoroundecanoic acid) [50] have been used as coatings over aluminum powders. 
The perfluroalkyl acid coats were intended to cover extremely pyrophoric freshly 
prepared oxide-less aluminum or n-Al powders, with a protective coating that does not 
hinder reactivity. These protective coatings could serve as an oxidizer due to fluorinated 
species that accelerate particle ignition unlike the naturally occurring aluminum oxide 
layer. Acids form coatings via surface reactions on freshly prepared n-Al particles in 
solutions; the obtained  coatings are described as self-assembled monolayers [50]. The 
particles are in the size range of 20 to 150 nm and have a thin coat of the PFTD. The 
particles are spherical and seemingly agglomerated as seen in Figure 1.8. It has been 
suggested that the acid's carboxyl group bonds to the aluminum particles as illustrated in 
Figure. 1.9. These bonding structures have been proposed by studying the spectral modes 
observed for (COO) groups in Attenuated Total Reflection-FTIR spectra for Al coated by 
PFTD contrasted against pure PFTD spectra. Unfortunately, due to control issues innate in 
solution state preparation involving acidic constituents in these samples, it was found that 
n-Al powders coated with PFTD had only 15 wt. % of active aluminum, much lower than 
expected in the natural oxide coated n-Al. This issue is crippling and needs to be addressed 
by involving different control agents during synthesis. The powder properties, such as 
flowability were also impacted by choice of acid for the surface coating. The PFNA acid 




Figure 1.8. TEM image of PFTD-coated bare aluminum particles.  
Source: [50]. 
The limitation of a solution-based synthesis has been addressed in a study relying 
on an aerosol synthesis technique [112]. This technique has largely been applied for 
polymeric coatings. A schematic diagram of the experimental setup is shown in  
Figure 1.10. The aluminum precursor solution of tri-iso-butyl aluminum is flushed by 
argon into a tubular furnace at 350 °C, which causes the pyrolysis of the precursor to yield 
an oxide-free n-Al. This particulate aerosol is then coated by PFPA vapors. This aerosol 
containing coated aluminum composites are cooled and collected. This synthesis method 
enables better control of coating through adjustable flow rates and use of inert media, 
argon, to transport and disperse constituents. The powders so obtained are interestingly of 
different shape; more polyhedral and less spherical. A TEM image in the inset in  
Figure 1.10 shows a polyhedral structure of 100-nm particles, with a 1-2 nm thick coating 
of PFPA. This coating is thinner than the oxide coat growing naturally on n-Al prepared 
by the same method [112]. Thus, prepared PFPA-coated nanometric powders have a higher 
percentage of active aluminum. With 80% active aluminum for powders of ~ 90 nm 
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diameter [112], the PFPA-coated powders outperform n-Al with 50 nm particle size and 
natural oxide layer, with ca. 70 % active aluminum [119].  
 




Figure 1.10 Experimental setup for aerosol coating of perfluoropentanoic acid (PFPA) on 
freshly prepared Al; insert shows a TEM image of coated aluminum particles. 
Source: [112]. 
The combustion behavior of aluminum particles was affected differently by surface 
coats of different fluorinated substances. The co-solvent dispersed and perfluoroalkyl acid 
coated aluminum particles were found to burn with different velocities when used in 
thermite mixtures. Al-PFTD/MoO3, Al-PFS/MoO3, and control Al/MoO3 thermite blends 
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were tested in a custom-built flame tube packed at 7% TMD. The experimental setup for 
the flame tube may be found elsewhere [120]. The Al-PFS/MoO3 thermite blend had a low 
flame velocity, half of that for the control uncoated thermite, while Al-PFTD/MoO3 
demonstrated flame velocities twice as high as the control thermite. Note that as further 
discussed below, the flame velocity measured in such experiments optically is affected by 
multiple factors, including rate of gas release and flowability of the powders. In some cases, 
the measured velocities can be misleading because the visible flame front can be confused 
with the emission produced by advection of burning particles [22].  
For thermite blends prepared with coated aluminum powders, the polymeric coats 
were reported to alter the combustion behavior depending on the major oxidizer used. In 
the case of CuO/Al (PFPE coated) blend, the coating impeded the reactivity while the 
reactivity was improved in the case of MoO3/ Al (PFPE coated) blend [52]. This was 
suggested to be due to thermodynamically costlier bond breakage of the polymer, to initiate 
reaction between CuO and aluminum fuel in the CuO/Al (PFPE coated) blend [52].   
Polymeric materials, such as PTFE, have been coated onto the surface of aluminum 
through vapor deposition [51]. Freshly prepared n-Al was exposed to CF2 radicals to 
achieve a continuous coating. The preparation setup involved n-Al prepared by the electro-
exploded wire method in inert atmosphere. The powder was sieved in inert conditions, 
during preparation, to procure desirable sizes and then coated by CF2 radicals, prepared by 
the decomposition of hexafluoropropylene (CF3CFOCF2). The radicals were deposited and 
not reacted with aluminum due to a careful temperature control of deposition surfaces 
maintaining aluminum at 25 – 30 °C. The progress of the coating process is illustrated in 
the field emission SEM images Figures 1.11(A) and (B), which were taken with a 5 min 
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interval between them. The surface has a localized deposition of the radicals, aggregations 
of which are visible as rough amorphous perturbations on the smooth aluminum surface. 
The completely coated particles were studied using TEM, as shown in Figure 1.11(C). The 
coating on the surface was found to be homogenous and uniform with a thickness of ~ 10 
nm. The deposited radical (CF2) layer has an F/C ratio comparable to that of PTFE, and the 
CF2 bonds are confirmed through FTIR studies [51]. The evolution of the deposited radicals 
into a thin film is schematically shown in Figure 1.11(D). 
 
Figure 1.11 FESEM images of Al coated by CF2 by in-situ vapor deposition, (A) after 3 
min and (B) after 8 min. (C) TEM of sub-micron coated aluminum particle. (D)Schematic 
of core-shell formation model showing gradual development of nano-film of PTFE on 
aluminum surface. 
Source: [51].   
In the vapor deposition technique, only a limited control of the coating thickness is 
possible using its dependence on exposure time to radical vapor. Thickness of polymeric 
coats prepared through electro-spraying is controlled more readily [114]. However, it is 
unlikely that individual nanoparticles can be coated; instead, particle agglomerates, or 
meso particles can be assembled, which could have attractive combustion properties, as 
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was shown with similar systems, although not involving fluorinated polymers as binders 
for n-Al [121].  
A complex nano sized array of rod shaped Mg/PTFE core-shell structures has been 
prepared by Zhou et al., [116]. First, Mg nanorods were prepared by glancing angle 
deposition of magnesium vapors. The nanorod arrays were encased in fluoropolymer 
through magnetron sputtering deposition. These polymer shells were found to have shorter 
molecular chains than bulk PTFE. Similarly nano/micron sized rod arrays of Si were 
prepared by deep reactive ion etching method and coated with PTFE via sputtering by the 
same group to achieve Si/PTFE core-shell structures [117]. 
Coated systems may be explored to have larger relevance in energetics apart from 
mere atmospheric aging/oxidation protection and combustion/ignition modification. The 
established hydrophobic nature of perfluorinated polymers could be exploited for 
humidity/chemical shields and extending powder use in complex chemical environments 
without loss of potency. It is found, for example, that the coated aluminum powders were 
hydrophobic to a point where deionized water had a contact angle of 118° for a 30-nm thick 
coating [51]. Similar behavior of superhydrophobicity was observed for the core-shell rod 
shaped structures of Mg/PTFE and Si/PTFE systems [116, 117]. For aluminum, it was 
shown that core-shell structures improve its stability to bases. Both regular aluminum 
powder and aluminum core-shell structures with PTFE coating thickness corresponding to 
stoichiometric composition, were exposed to NaOH solution. The dissolution of the core-
shell structure occurred 8.6 times slower than for the uncoated powder [51]. Thus, by 
choice of a polymer and method of applying the coat, the powder properties may be tuned 
potentially to a wide variety of behaviors. 
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50 Al/Al2O3/PVDF 5, 10 and 15 wt.% PVDF Electrospraying [114] 
Al-PTFE 100 Al/PTFE Average Al size: 100 nm; 
average coating thickness:  10 
nm  
Calculated thickness for the 
exp.  procedure:  34nm.   
In-Situ Radical-Vapor deposition: Freshly 
prepared aluminum (wire explosion), 
surface coated through cracking 
hexafluoropropylene oxide yielding CF2 
radicals that form a nano-film of PTFE 
[51] 
Al-PFPE (Fomblin®) 80 Al/Al2O3/PFPE 70 wt. % PFPE Wetting: Described in [122] [115] 
Al-PFPE (Fomblin®) 80 Al/Al2O3/PFPE 66.9 wt% PFPE Co-solvent adsorption: Suspensions of Al 
with PFPE along with volatile dispersant 
PFS-2 mixed in planetary mixer for 3mins. 
[52] 
100 67.4 wt% PFPE 
120 67.8 wt% PFPE 
5500 69.8 wt% PFPE 
Perfluoroalkyl-acid coats 
Al-PFTD 80 Al/Al2O3/ 
Perfluoroalkyl-Acid 
35 wt% PFTD Co-solvent Adsorption: Prepared in a 
slurry of Al and respective fluoro-acids 
dispersed in diethyl ether and washed.  
[113] 
Al-PFS 80 Al/Al2O3/ 
Perfluoroalkyl-Acid 
35 wt% PFS 
Al-PFPA ~90 Al/PFPA 1-2 nm coat of PFPA In-Situ Aerosol Coating: aluminum 
prepared from precursor solution, 
aerosolized, and coated by gaseous PFPA  
[112] 
Al-PFNA  Al/ Perfluoroalkyl-
Acid 
N/A In-Situ Chemi-sorption in solution phase: 
n-Al prepared by catalytic reaction is 
arrested and coated by respective acids 




Al-PFTDA  15.4% aluminum left after in-
situ chemisorption 







1.5.3 Laminated/Layered systems 
Layered or laminated systems are high reactive-interface systems that recently have 
attracted substantial interest. Based on their intended applications, these may be considered 
reactive structures (discussed separately below); however due to relatively small scales 
most such materials are prepared on, and because of their well-defined interface suitable 
for fundamental studies of reaction mechanisms, they are discussed in this separate section. 
Table 1.8 describes some of the prepared layered/laminated systems including their 
preparation techniques, structure, and composition. All materials use aluminum as a fuel.  
A polymeric-aluminum homogeneous system was prepared through electro-
spraying [123]. The preparation involved using PVDF and nanometric-aluminum powder 
with very little ammonium perchlorate (AP) mixed in a DMF solution dispersant and 
electro-sprayed onto a negatively charged rotating drum substrate from positively charged 
nozzles to achieve the desired thickness of the film/laminate. An SEM image of a cross-
section of the highest loaded, 50 wt. % aluminum-PVDF film is shown in Figure 1.12(A). 
PVDF forms a polymeric network and a matrix including spherical aluminum particles. 
The mechanical properties of such composites are a function of n-Al particle loading, 
where the loading of 17 wt. % showed an increase in tensile strength from 18 MPa for an 
unloaded polymer sheet to 24 MPa. The toughness increases likewise [123] as observed 
for other particulate additions in a polymeric matrix [124]. An increased particle loading 
caused formation of agglomerates, leading to an increased porosity and some deterioration 
of mechanical properties; nevertheless 50 wt. % Al-PVDF films were non-brittle and could 
be deformed and flexed [125]. The films had a uniform thickness of about 175 µm.  
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Similar laminates with a sandwich-like structural arrangement with alternating 
PVDF spacers and layers of nano-thermite comprising n-Al-CuO particles in PVDF matrix 
have also been prepared through electro-spraying method [126]. Based on flame front 
propagation velocity in these systems, it was found that the systems with PVDF spacers 
and a layer of nano-Al-CuO particles in PVDF matrix were superior to those with n-Al-
CuO particles uniformly distributed in PVDF [126]. Having several such alternating layers 
improved the rate further [126]. An SEM image of a cross-section of such a multi-layer 
system shown in Figure 1.12(B) reveals a homogenous n-Al-CuO mixture in PVDF and 
amorphous PVDF layers with thickness varied around 5 µm.  
 
Figure 1.12 SEM image of (A) the cross-section 50 wt. % Al-PVDF electro-sprayed film 
and (B) the cross-section of a multilayered, n-Al-CuO-PVDF with PVDF spacers. 
Source: [123, 126].  
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Table 1.8 Different Laminated Reactive Material Systems, their Preparation Techniques, Interfaces, and Compositions 









50, 70 and 83.3 wt% 
PVDF and 2 wt% AP 
Electrospray: Intimately 
mixed/sonicated mixture in 
DMF, electrosprayed onto 
rotating drum substrate. 
[123] 





nCuO-PVDF and PVDF  
32 wt% CuO and 42 wt% 
PVDF, 1 wt% AP 
[126] 
(nAl)-PTFE ~ 10 Al/PTFE Laminate structure with 
alternating Al layer of 10 
nm thickness and PTFE 
layer of 15 nm thickness. 
~70 wt% PTFE 
Magnetron Sputtering: 
Alternating layers of PTFE 








These spray coated strips/films have burn times of the same order of magnitude as 
those of a loose powder blend of n-Al – n-PTFE in an open-air conFigureuration observed 
by Watson et al. in [106]. Higher flame propagation rates exceeding 1200 m/s were 
observed in Al-PTFE pressed nanocomposite layers  [111]. However, the 6-layer sandwich 
laminate structure prepared by Li et al. in [126], having thickness of 111 μm,  width of 0.5 
cm, and length of 2.5 cm exhibited a maximum burn rate of 9.5 cm/s. The strips were 
placed in argon and resistively heated at an end by Ni-Cr wire. It was found that for multi-
layered thermite-like laminates, the burn rates fall with laminate thickness and for a given 
thickness, increase with number of layers present. For the purely polymeric and aluminized 
laminates such as n-Al – PVDF-AP [123], the burn rates increase with nano-aluminum 
particle loading. At 50 wt. % aluminum loading, the burn rate was 23 cm/s when ignited in 
atmospheric conditions. 
The super-laminate or super-lattice structures prepared using magnetron-sputtering 
technique [123] are dimensionally different from other laminates. Vacuum-deposited 
layers with a stoichiometric Al/PTFE ratio with 10-nm layers of Al alternating with 15-nm 
layers of PTFE were prepared as shown in Figure. 1.13. The entire structure consisted of a 
sub-micron sized Al-PTFE super-laminate upon Au/Pt/Cr films (800/120/20 nm) 
fabricated on a silicon substrate of 500 μm. The structure was 5 μm wide and could sustain 
a self-propagated reaction. When a 10-µm thick 30-mm long strip was ignited by a match 




Figure 1.13 SEM image of cross section of a n-Al/PTFE super-laminate (super-lattice) 
system with 10 and 15-nm thick layers of alternating Al and PTFE, respectively.  
Source: [123].   
Like coated powders, the laminated structures have interesting hydrophobic 
properties. It was found that laminate structures with polymeric layers of PTFE along with 
Mg and CuO layers retained 82 % of their chemical energy after 240 hours of exposure at 
a temperature of  35 °C in 95 % relative humidity accelerated aging test [127]. The same 
laminate sandwich structure was found to have retained over 50% of its chemical energy 
after 6-hour underwater storage [127]. The water contact angles were found to be very 
high, 153°+ indicative of a super-hydrophobic surface [127]. These properties may be 
useful for storage and diverse applications.  
1.5.4 Ball Milled Composites 
Milled composites provide one of the most practical and widely utilized powder systems 
that can achieve homogenous dispersion in each particle’s bulk. They also have superior 
combustion properties compared with mixtures of similar sizes and show improvement in 
burn rates and ignition kinetics without employing nanometric powders that have 
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processing difficulties. Powder morphology can be tuned through varying parameters, such 
as milling time, milling media utilized, (glass, steel, etc) and the ball-to-powder mass ratio. 
The effect of different milling parameters can be summarily described through a single 
term, the milling dose Dm, which is defined as the energy transferred from the milling tools 
to the powder [128-131].  
Al-PTFE composites have been prepared by milling at both room and cryogenic 
temperatures [81, 132]. Room temperature-milled, fuel-rich Al-PTFE milled composites 
are close in morphology to conventional aluminum flakes as seen in Figure 1.14(A).  The 
material shown was prepared in a shaker mill with a milling time of 1 h. For longer milling 
times, e.g., 2 h in a shaker mill, the flakes begin to agglomerate forming more equiaxial 
powder. For both 1 and 2-h milled powders, the particles contain a nearly fully dense 
homogenous mix of the polymer and metal fuel, as established by SEM and energy-
dispersive x-ray spectroscopy. One major point of difference between regular aluminum 
flakes and milled material is that the commercial flakes are covered with a natural oxide 
layer; they also often have an additional organic coating. In the milled particles, the oxide-
coated surface of the starting aluminum particles is sheared off and dispersed in the bulk 
of the milled material, while the newly formed flake surfaces are coated with PTFE before 
they oxidize.  
A closer look at room-temperature milled metal-polymer composite shows fibrous 
strands in lower micron scale infused into the aluminum matrix (black arrows in the inset 
in Figure 1.14(A). The polymer losing its structural and bulk properties; its crystallinity 
drastically reduces to a point where it is not observable clearly by XRD.  
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Al-PTFE powders with similar morphologies were prepared using different milling 
equipment [132]. The milling dose was maintained approximately the same for both shaker 
and attritor mills, although the milling period and ball to powder mass ratio were different. 
Milling for 2 h in the shaker mill corresponded to a 6-h milling in the attritor mill. Samples 
prepared by milling at liquid nitrogen temperature (cryomilled) in the attritor had smaller 
particle sizes and similar surface morphology, as shown in Figure 1.14(B) [132]. The 
cryogenically milled material was found to have better dispersion of PTFE in the bulk of 
the particles compared to that prepared by room-temperature milling. It is interesting that 
although longer periods of cryomilling produced equiaxial particles, those particles were 
found to be partially reacted during milling and, thus, unattractive as reactive material 
components.   
A unique 2 stage milling procedure involving both room temperature milling and 
cryomilling was used to prepare various fuel rich compositions of Si/PTFE composites by 
Terry et al., [133]. The mixed powders were cryomilled for 6 cycles of 1 min milling spaced 
by a minute of rest and once the sample was restored to room temperature, it was milled 
again in a shaker mill for 20 cycles (1 min on and 1 min off). These composites were found 
to have improved combustion enthalpies compared to mixed powders with relatively 




Figure 1.14 SEM images of structural features observed in Al-PTFE system; (A) 
Composites with 70 wt.  % Al prepared by room-temperature milling; and (B) Composites 
with 90 wt. % Al prepared by cryo-milling.  
Sources: [81, 132]. 
1.5.5 Consolidated Shapes for Explosives and Reactive Structural Materials 
Different methods have been used to prepare consolidated shapes of metal-fluoropolymer 
composites. These techniques commonly involve mixtures or composites, which are then 
molded, cured, or sintered into consolidated forms.Consolidated materials discussed in the 
literature, including samples prepared using in-situ polymerization [134],  
sintering [90, 135], pressing [91, 95, 111, 136] and curing in a mold [43], are summarized 
in Table 1.9 along with details on their respective interfaces, structures and particle sizes.  
The techniques involving a mold are some of the best established, and typically are 
used to make propellants. The typical preparation has mixture of components: a binder, 
like HTPB (hydroxyl-terminated poly butadiene), AP oxidizer, and a fuel, a metal-rich Al-
PTFE milled composite [43]. This molded composite strand is allowed to cure at a slightly 
elevated temperature for an extended period to dry into a well-packed integrated structure. 
Consolidated sticks prepared in this way are shown in Figures 1.5 and 1.6. In such 
consolidated structures, the actual concentration of fluorinated oxidizer is quite low; it is 
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added as a secondary oxidizer/gas generator that helps reducing aluminum agglomeration 
as illustrated in Figure 1.15. It was found that the agglomerates were reduced by 66% by 
diameter and 96% by volume [43].  
Milled composites of Al-PTFE with 70 wt. % of aluminum were compacted in a 
25×25 mm die by a hydraulic press at 34.5 MPa [136]. Al-PTFE system with a similar 
composition (74 wt.% Al and micron sized powders) but consisting of a mixed powder, 
was consolidated at higher pressures of 72-182 MPa [137]. These ‘foils’ or pressed 
structures with milled composites were intended as ignitor fibers to tailor burn rates of 
solid propellants [136]. The inclusion of a fluoropolymer as an oxidizer contributed 
efficiently to the overall gas generation and energetic output of the ignitor-propellant 
system as compared to other systems consisting of similar fibers made of Al-Ni and 
Pyrofuse® [136]. 
The sintering technique employed to make pellets used thermal treatment after 
pressing. In one study, consolidated pellets were prepared with micron sized, mixed 
powders of Al-PTFE and then sintered at elevated temperatures and cooled at controlled 
rates [137]. SEM images of the cross-sections of pellets prepared with different sintering 
temperatures and cooling rates are shown in Figures 1.15 (A) and (B). PTFE was more 
crystalline at a lower cooling rate (Figure 1.15A), while the sample cooled more rapidly 




Figure 1.15 SEM cross sections of Al-PTFE sintered pellets prepared by (A) sintering at 
380 °C and cooled at 50 °C/h rate and (B) sintering at 350 °C and cooled at 70 °C/h. 
Source: [137].  
Another technique preparing aluminized fluorinated acrylic (AlFA) composites 
involves in-situ polymerization and surface activation of 80-nm aluminum powder yielding 
composites that have mechanical integrity while retaining their reactive properties [134]. 
This technique yielded composites with a high metal loading exceeding 60 wt. % of Al. 
The process develops the per-fluorinated material which is attached to aluminum powders 
through surface modifications [134]. Figure 1.16 schematically shows the initially treated 
aluminum powders with surfaces activated with phosphate groups, which are then involved 
in polymerization process to make the aluminized fluorinated acrylic composites. Even for 
the high aluminum loading of 70 wt. %, the melting temperature of the composites remains 
low at ~85°C.  These composites can be processed and cast into various shapes due to the 
pliability and malleability of the materials. They retain their thermoplastic behavior (due 
to low melting temperature) and machinability (due to structural integrity) without 
compromising the reactivity. Composite pellets with aluminum weight percentage of 30 or 
higher develop a self-sustained reaction upon ignition. The presence of large amounts of 
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polymeric material (30 to 70 wt. %), the composite yields copious amounts of smoke and 
charred residue, aluminum fluoride and minor amounts of carbide and oxide of aluminum. 
It was found that the most energetic composition contained 50 wt. % of aluminum.  
 























90, 70, 50 and 40 wt% of 
polymer. 
In-Situ Polymerization: Al particles surface functionalized and 
added into polymerization process  
[134] 
Al-PTFE 6 – 7   Al/Al2O3/PTFE Cylindrical pellets 
74 wt% PTFE 
Sintering: Powders were mixed in ethanol dispersant, cold 
pressed into shape at 60 MPa and sintered at temperatures of 




35 Al-PTFE or 
Al/AP 
Cylindrical sticks-6 cm 
long and 5.8 mm 
diameter 
71 wt.% AP 
14 wt. % HTPB 
15 wt.% Al-PTFE 
composite 
(composite has 90 or 70 
wt. % Al) 
Curing in Mold: Composites prepared by milling are added 
with binder and oxidizer in mentioned ratios into a mold and 
cured at 60 °C for approximately 7 days. 
[43] 
Al-PTFE 6-7 Al/Al2O3/PTFE Cylindrical Pellets 
26 wt. % PTFE 
Press: The mixture was blended and sonicated in ethanol and 
sieved. If composite was used, it was prepared by milling and 
sieved. 
The sieved powder was then pressed in a mold with pressures 
ranging from 30 – 182 MPa 
[137] 
Al-PTFE 50 Al/PTFE Foil/ Laminate structure 
of Al-PTFE composite 





1.6 Reactions in Metal-based Reactive Materials with Fluorinated Oxidizers 
1.6.1 Thermo-analytical Measurements 
Thermal analysis has been widely employed across all preparations to characterize material 
performance, reactivity and sometimes, even composition. DSC and DTA plots for several 
Al-PTFE systems prepared by different methods are combined in Figure 1.17. All materials 
show substantial exothermic reactions occurring prior to the aluminum melting; for most 
composites, these exothermic reactions are clearly separated into at least two steps. The 
magnitudes of the individual exothermic peaks and the temperatures at which they occur 
are both affected by the preparation and thus material structure.  
Results for a sonicated blend prepared using nano-sized powders [105] are shown 
in Figure 1.17 (A). The weak endothermic peak slightly above 600 K is due to melting of 
PTFE. Two exothermic peaks are clearly visible and well separated. The first peak occurs 
between 675 and 725 K, and the second, stronger exotherm is observed around 825 K. 
Blending the micron-sized powders makes the peaks much weaker or even undetectable 
[88]. However, at higher heating rates, the exothermic peaks are clearly observed even for 
micron-size powder blends [109]. A qualitatively similar two-peak exothermic pattern is 
observed for different Al-PTFE composites prepared by mechanical milling,  
Figure 1.17 (B) [88, 132]. For the materials prepared by room-temperature milling, the first 
peak shifts to higher temperatures; however, for the material prepared by cryomilling, it 
occurs at a lower temperature, before 670 K. The position and strength of the second peak 
are also affected, while the difference between the heat effects in the first and second peaks 
is generally smaller for the milled materials compared to the sonicated nano powders.  
Results for the vapor coated powders [51] and a super-laminate structure [123] are 
given in Figure 1.17 (C) and (D), respectively. In both cases, the traces are remarkably 
44 
 
similar to each other. The two exothermic events are nearly overlapping; the first 
exotherms begin at about the same temperature as for blended composites. However, the 
first exotherm is only slightly ahead of the second one; the heat effect is similar for both 
exotherms for these materials. It is hypothesized that the overlap between the exothermic 
events is associated with a very fine scale of mixing between Al and PTFE for these 
materials. A very thin layer of PTFE compromised by the low-temperature reaction 
decomposes more readily, releasing fluorine and shifting the second exothermic step to 
lower temperatures.  
Figure 1.18 summarizes the different metal-PTFE systems thermally studied by 
Kuwahara et al. [138]. The different reactive systems all exhibit common features, the 
initial melting of Teflon around 615 K and two exothermic peaks. The stronger second 
exotherm is observed for all systems in a relatively narrow temperature range, 830 – 860 
K, which coincides with the complete melting of the Teflon in the system. The melting is 
also observed for magnesium and aluminum suggesting that not all the metal fuel reacted 
upon heating to their respective melting points. All the different systems have a smaller 
initial exotherm followed by a stronger second exotherm. The initial smaller exotherm 
however occurs at slightly different temperatures for different systems. The similarity in 
DSC plots suggests that decomposition of PTFE, a common denominator for all 
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Figure 1.17 Al-PTFE preparations thermally analyzed in argon (A) DSC plots (20K/min) 
of different Al-PTFE (70/30) sonicated blend preparations. (B) DSC plot (20K/min) of 
milled Al-PTFE (70/30) and DTA plot of cryo-milled (90/10) composites. (C) DSC plot 
(5K/min) of 30-nm PTFE coated n-Al powder. (D) DSC plot (10K/min) of Al-PTFE 
(30/70) super-laminate.  




Figure 1.18 DSC plots for various metal/Teflon based reactive systems in helium 
atmosphere heated at a rate of 0.167 K/s at 0.1 MPa pressure. 
Source: [138]. 
The thermal analysis of aluminum-metal fluoride systems provide an initial 
understanding of metallic composites that containing inorganic fluorine-based oxidizers. 
Figure 1.19 collates thermal behavior of three such aluminum-metal fluoride systems in 
inert gas; Figure 1.19 (A) containing  Al·CoF2 and Al·BiF3 [59], and Figure 1.19 (B) 
containing Al·FeF3 [58]. Despite different methods of preparation (milling and blending) 
and differences in compositions, all metal fluoride systems exhibit a common feature. 
Unlike the polymeric oxidizer-based systems, the metal fluoride oxidizer systems exhibit 
a strong first (or even single) exotherm. The diffused secondary exothermic hump, as seen 
in Al·CoF2 and Al·FeF3, may be attributed to the phase transformation of the aluminum 
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fluoride as understood through XRD studies of systematically quenched samples, detailed 

















Figure 1.19 DSC plots for various metal/metal fluoride based reactive systems in argon 
atmosphere. (A) 50 wt. % Al·CoF2 and 50 wt.% Al·BiF3 milled composites, heated at 
5K/min. (B) 27 wt.% nanoAl-FeF3 mixed powders heated at 10 K/min. 
Sources: [58, 59].  
1.6.2 Ignition and Combustion Experiments 
Ignition through Quasi-static Compression: Al-PTFE composites may be of interest as 
reactive structures and reactive fragments. Their initiation through compression has thus 
been studied in both dynamic and quasi-static compression experiments [137]. Correlations 
between ignition characteristics and mechanical properties, including yield stress, elastic 
modulus, and density as a function of pressure at which the pellets were pressed/molded 
were studied for consolidated composites prepared by sintering and cold pressing Al-PTFE 
(26 wt.% Al). Ignition occurring upon quasi-static compression is illustrated in Figure 1.20. 
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The development of the crystallinity during sintering and molding was determined to be 
pivotal in ignition due to mechanical properties that dictate shear and crack propagation 
[137]. Lower crystallinity was favored, as high crystallinity allowed the formation of fibrils 
that bridge cracks and dissipate the energy preventing initiation [137]. The more traditional 
dynamic compressive test involves a drop-weight experiment, where a fixed weight is 
dropped on a pellet from various heights. The initiation during these tests was confirmed 
through visual emission observed [139, 140].  
Both the dynamic and quasi-static experiments was discussed qualitatively based 
on a plot shown in Figure 1.21 [137]. It shows energy absorbed during the tests as a 
function of the pressure used to press/mold the sample. The energy levels required for 
initiation between both static (88-103 J) and dynamic (77-91 J) compressive experiments 
were found to be comparable to each other. A relatively minor discrepancy was assigned 
to an unquantified effect of dissipation of heat into surroundings during a slow quasi-static 
compression. It was, therefore, suggested that the initiation of Al-PTFE under compression 
may be insensitive to the rate of imported energy. The energy absorption was proposed to 
be a better metric for the initiation than stress or impact speed.  
 






Figure 1.21 Energy absorption for Al/PTFE under quasi-static and dynamic compression. 
Source: [137]. 
Shock-initiation/Compression:  Short time-scale experiments exploring a compression-
initiated Al-Teflon® reaction were performed in a series of studies [141, 142]. A pulsed 
laser was used to punch a 25-µm thick flyer from a Cu foil. The flyer traveled 375 µm in 
vacuum onto a 3-µm thick, Al-Teflon® film spin-coated on a 6.35-mm thick sapphire 
substrate. Beneath the substrate, emission of the ignited sample is monitored by a 32-
channel fiber-optics spectrometer built using 32 photomultiplier tubes and digitizers. The 
speed of the flyer is assessed by a photon Doppler velocimeter. The Al-Teflon® film is 
prepared using 40-nm spherical Al powder with varying Al/Teflon® ratios.  
When initiated by the laser pulse, the flyer accelerated to 0.7 – 1.7 km/s. Upon 
impact with the Al-Teflon® film, a steady shock was produced for several ns, during which 
the material was initiated.  It was found that 0.6 km/s was the threshold speed required to 
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initiate the reaction, irrespective of Al wt. % in the system. The compressive stress thus 
subjected onto the film results in a heat release and optical emission. A two-burst optical 
emission pulse was repeatedly measured.  The first burst appeared with a time delay 
slightly reduced from ca. 40 to 25 ns at increased impact energies. The later burst, occurring 
after the shock unloads, represented ambient pressure combustion. The intensity of both 
bursts increased at greater Al load and at greater flyer energies. The first burst was of 
primary interest, as indicating the shock-initiated ignition.  
Figure 1.22 shows the optical emission for different flyer speeds for a fuel-lean 
composition with Al/Teflon® equivalence ratio of 0.25. The emission occurs at about the 
same time for different flyer speeds, suggesting that the timing is governed by reaction 
between Al and Teflon®. The experiments showed that thermal decomposition of Teflon® 
occurred in the same fashion with or without Al present, and thus was shock driven. The 
exothermic reaction with Al leading to temperatures in the range of 3800 – 4600 K 
followed the Teflon® decomposition. The proposed reaction mechanisms differs from that 
discussed elsewhere [143] which suggests that thermal decomposition of PTFE is 




Figure 1.22 The first burst radiance transients on an expanded time scale for various 
flyer speeds with 0.25 Al/Teflon® ratio. 
Source: [141].   
Ignition through Flash-heating: Processes occurring during very short, nano-second time 
scales leading to ignition were probed in experiments where a 3-4 µm thick Teflon® film 
doped with 30-nm aluminum (2-nm oxide layer) was subjected to near-IR laser pulses 
[144]. The Al-Teflon® composite was fuel lean with only 18 wt. % Al. The film was 
prepared by spin-coating well-dispersed Al-Teflon® system onto a CaF2 substrate. The 
reaction was detected using IR transient absorption spectroscopy and ultrafast microscopy. 
Figure 1.23 shows the ultrafast microscopy images during the flash heating of the samples 
at various times. A 100-ns laser pulse assisted by the subsequent chemical reactions 
between the heated Al and surrounding polymer matrix, generates a blast wave. The flash 
heating delivers a dose of energy making a weakly ionic aluminum plasma at a temperature 
of 4000 – 8000 K. The 200-µm crater formed due to the local ignition and combustion of 
aluminum particles with immediately surrounding Teflon® matrix. The propagation of the 
wave front (seen as a hemisphere) is slightly faster than the reaction of bulk/plasma (darker 
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splatter). The time scale of the ignition delay is in ~10 ns (time difference between first 
frame and second frame where the wave front and reaction are observed), comparable to 
that observed in shock initiation experiments.  
Considering Teflon® as a copolymer of tetrafluoroethylene (TFE) and 2,2-
bis(trifluoromethyl)-4,5-difluoro-1,3-di-oxole (dioxole), changes in spectral features 
attributed to TFE and dioxole were of particular interest. The system was assumed to 
behave as having two oxidizers interacting with n-Al as fuel. It was found that aluminum 
reacted with CFO species (from dioxole) 10 times faster than with CF2/CF3. Since the 
system is fuel-lean, aluminum preferentially reacts with dioxole as a sole oxidizer almost 
entirely till the fuel/oxidizer ratio is at stoichiometry and then begins to consume the TFE 
oxidizer [144].  
 
Figure 1.23 Time series of ultrafast microscopy images obtained by flash-heating an 
Al/Teflon-AF thin film using a 100 ns duration 1064 nm laser pulse. The beam diameter is 
50 µm and the pulse energy is 40 µJ. The images show the Al/Teflon® surface at far left. 
The images show the explosive ablation of material from the surface at the indicated times. 




1.7 Performance Characterization in Practical Applications  
In a typical test, cylindrical pellets of 10 mm diameter and 7.8 g/cm3 density were pressed 
and sintered with 11.3 wt. % of PTFE, 7.5 wt.% of Al and 81.2 wt.% of W [145]. These 
pellets were used as reactive projectiles and shot into aluminum plates kept 8 m away from 
the gun. The effect of projectile weight, velocity, and thickness of target plate on 
penetration behavior was considered. The impact velocity was measured by probes and a 
high-speed camera observed the flight of the projectile through the aluminum plate. Semi-
empirical equations were developed to predict the velocity required for the projectile to 
penetrate reliably a given piece of aluminum target sheet or its ballistic limit velocity. For 
a given set of conditions, the ballistic limit velocity of the reactive material, (W/Al/PTFE) 
projectiles, was found to be higher than for steel projectiles. It was also found that when 
the projectile impacts the aluminum plate at approximately ballistic limit velocity, the 
chemical energy released during penetration slows the projectile down by the deflagration 
pressure increased in the penetration direction [145].  
A related experiment was performed for Al-PTFE (26.35 wt.% Al), Zr/THV (52 
wt.% Zr), Ta-THV (74 wt.% Ta) and Hf-THV (69 wt.% Hf) where THV is a mixture of 
tetrafluoroethylene, hexafluoropropylene and vinylidene fluoride. These materials were 
pressed and sintered to form spherical projectiles with densities greater than 96% TMD 
[146]. The projectiles were fired at 1.2 – 2.4 km/s onto a closed drum-like chamber covered 
with a 1.5-mm thick steel plate. The projectile pierced through the plate and disintegrated. 
Pulverized fragments, some of which ignited, continued moving towards the center of the 
chamber hitting an anvil, which caused their secondary initiation [146]. The pressure inside 
the chamber was measured as a function of time as presented in Figure 1.24. The reaction 
between metal and the fluorinated polymer was found to be very fast and occurred within 
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~10 µs or faster. It produced a pressure wave, which reflected around the drum until a 
quasi-static pressure was attained, as seen in Figure 1.24. Extended combustion continued 
in the chamber for 1-10 ms following the impact with the anvil. The reaction efficiency for 
various systems used depends on reaction mechanisms and speed of projectile. At lower 
speeds of 1.2 km/s, Al-PTFE and Zr-THV outperformed other systems. With increase in 
the speed of projectiles, the increase in efficiency was observed in all samples. All materials 
had efficiencies of 70-80% while Ta-THV underperformed substantially. The effect of 
binders/oxidizer used was also observable. The compression yield strength and melt 
temperature difference between the two versions of THV resulted in different efficiencies 
for Hf-THV and Ta-THV systems. The effects of density and mass loading of a projectile 
are important, for mass loadings over 19.6 g, the reaction efficiency is a direct function of 
loading.  
 






1.8 Proposed Reaction Mechanisms 
Regardless of other details, a two-stage reaction sequence is observed for many systems 
involving a metal and fluorocarbon, as illustrated in Figures 1.17 and 1.18.  A two-stage 
sequence is also noted in the shock-initiated samples, as evidenced by the two-burst 
structure of the recorded optical emission [141, 142]. The temperatures of the first and 
second exothermic peaks observed for different metals by different investigators are 
summarized in Table 1.10.  
Table 1.10 Temperatures at Which Smaller First and Second Exotherms are Observed for 
Fuel/Oxidizers for Samples Heated in Inert Atmosphere as Compiled by Koch  
Fuel/Oxidizer Temperature of the exotherm, °C Reference 
First Second 
Mg/PTFE 377 489 [138] 
Mg/PMF 420 500 [147] 
Al/PTFE 450 480 [138] 
Zn/PTFE 170 320 [148] 
Ti/PTFE 464 480 [138] 
Zr/PTFE 410 470 [149] 
Source: [148]. 
  A similar two-stage sequence, although with a reduced heat effect was observed for 
reaction between PTFE and alumina, as shown in Figure 1.25. This latter case is relevant 
because the reaction in the blended aluminum and fluorocarbon powders begins at the 
interface of fluorocarbon and surface alumina layer covering particles of aluminum. 
Because alumina is a common catalyst substrate, fluorination of alumina reacting with 
different fluorocarbons has been studied extensively, [150-152]. It is generally understood 
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that the reaction occurs in two main steps. The first step is commonly catalyzed by oxygen 
present as hydroxyl groups on the surface of transition alumina and/or as an impurity, or a 
dioxole co-polymer in PTFE. Hydroxyl groups, for example, serve to attract carbocations 
of fluorinated species chemisorbed to the alumina surface [151]. The initial reaction results 
in formation of selected Al-F bonds, while the species formed are transient in nature. The 
role of surface hydroxyl groups in the initial stage reaction is illustrated in Figure 1.25, 
where the DSC traces are shown for as received and calcined alumina interacting with 
PTFE. For the calcined alumina, hydroxyl groups are removed; respectively, the first 
exothermic peak corresponding to the initial reaction is weakened, but it does not 
disappear, suggesting that hydroxyl groups are helpful but not necessary for the reaction to 
begin. The copolymer used as source of PTFE may contain oxygen in the form of ether 
links between units, thus resulting in the minor initial exotherm albeit with reduced 
intensity as compared to the alumina surface with hydroxyl groups.   
The second reaction step occurs when all unsaturated sites of surface aluminum are 
fluorinated, which often requires additional source of fluorine, and thus can coincide with 
decomposition of the fluorocarbon. As the fluorination progresses, the terminal groups 





Figure 1.25 DSC of 15-nm Al2O3/200nmZonyl (PTFE source) and calcined Al2O3-200nm 
Zonyl. 
Source: [105]. 
While the two-step mechanism outlined above is generic, the rates of individual 
steps are affected by the type of fluorocarbon used, available reactive interface area, and 
alumina structure. For example, an effect of solvent used to sonicate and disperse blends 
of nano-aluminum and micron-sized Zonyl (PTFE source) on the rate of exothermic 
reactions was observed by Padhye et al. in [107]. Both heat release and temperature for the 
second exothermic reaction step were affected, with the blend prepared using a polar 
solvent, 2-propanol, being most reactive. It was proposed that alumina treated with a polar 
solvent retains mobile hydroxyl groups increasing the probability of attracting fluorinated 
species. The suggested mechanism has been extended for other polymeric oxidizers such 
as PVDF, where Delisio et al., [153] show the same mechanism at work for films consisting 
of nano-sized aluminum particles with natural oxide layer, embedded in PVDF polymer 
for a range of aluminum/polymer ratios. The decomposition of polymers yields different 
fluorinated species depending on the polymer used [150, 151, 153] and the conditions in 
which decomposition occurs [154]. The presence of excess alumina, however, does not 
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increase the reaction extensively as the reaction is a function of the surface sites on the 
alumina, inviting fluorinated species attack and not with alumina itself [105, 153].  
In addition to reactions of fluoropolymers with alumina, their reactions with 
magnesium have been discussed in detail because of a widespread use of magnesium-
fluoropolymer systems in pyrotechnics. The first exotherm occurring in the reaction of 
magnesium with PTFE is interpreted based on the Grignard reagent forming nature of 
magnesium. The initial Mg-F bonds formed in the reaction produce a C-Mg-F complex 
considered to be the Grignard type intermediate [155]. This Grignard intermediate breaks 
down to give magnesium fluoride and broken polymeric chains in the second exothermic 
step, as shown in the following reactions [65]: 
 
Step 1:  Mg + (C2F4)n  (CF2-CF-Mg-F)n + heat 
Step 2: (CF2-CF-Mg-F)n  (CF=CF)m-(C2F4)n + mMgF2 (s) + heat 
Overall equation: Mg + 2RFC-F  MgF2 (s) + 2RFC + heat 
The proposed reaction mechanism was tested through FTIR analysis. It can be seen 
from Figure 1.26, where the FTIR of two samples of Mg/PTFE collected  at 600 and 700°C, 
that the formation of C-Mg-F bond intermediate is confirmed experimentally [156] as 
predicted through ab-initio calculations [155]. The Grignard intermediate C-Mg-F bond 
frequencies formed at 600°C give way to MgF2 bonds at higher temperature, as the reaction 




Figure 1.26 FTIR absorption spectra of MTV samples collected at two temperatures 600°C 
and 700°C. 
Source: [156].  
While most common pyrotechnic magnesium-fluorocarbon systems are prepared 
by mixing components, a similar two-stage reaction sequence is observed in the ball-milled 
composite, in which the interfaces between magnesium and polymer may form differently 
[157]. Steletskii et al., [157] offer an explanation for the presence of two exotherms 
considering sequence of decomposition of fluorine atoms from the polymer in presence of 
magnesium.  It is suggested that the exothermic effect observed at lower temperatures, 300 
– 420 °C, is relatively weak due to the removal of the first fluorine atom being energy 
intensive and dampening the exothermicity of magnesium fluorination. The subsequent 
loss of fluorine atom is relatively easy and the exotherm is stronger [157]. Conceptually, 
this explanation is consistent with the previously discussed mechanism. Indeed, formation 
of the initial Grignard reagents, involving removal of the first fluorine atom from the 
polymer, is not as exothermic as formation of the fully fluorinated magnesium. For the 
systems prepared by milling, it is proposed that the stacking faults in the material grains 
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gradually move towards the surface as the temperature increases and the reactions occur at 
the dislocations. This leads to an improved dispersion of decomposition products which 
fluorinate the magnesium crystallites more effectively through defects induced by milling.  
It is apparent that the reaction sequences for metals like aluminum and magnesium 
reacting with fluorocarbons are similar despite their reactivity difference. In each case, a 
metastable complex with a metal-fluorine bond is formed in the first step, while the 
complete fluorination occurs in the second step. Depending upon the reactivity of the metal 
involved, the structure of the intermediate species formed is dependent. In case of the more 
reactive magnesium, the C-F bond is cleaved by the metal in the first step while for the less 
reactivity aluminum, the difference in polarity between species involved allows for bond 
formation that subsequently weakens the C-F bond. Thus, apparently, a similar reaction 
mechanism, in which formation of intermediate partially fluorinated compounds precedes 
the complete fluorination is valid for reactions with other metals (Figure 1.18, Table 1.10).  
This points to the larger applicability of the mechanisms offered for other metal-
fluoropolymer systems. Depending upon the reactivity of the metal involved, and the 
availability of non-fluorine species in the polymer/ upon metal surface, the appropriate 
specific reaction mechanism needs to be refined based on the outlined above generic two-
step process.   
1.9 Summary  
Metal-fluoropolymer composites are widely used in pyrotechnic applications. Their 
advantageous features range from metal surfaces protected by fluoropolymers during 
storage to reduced agglomeration due to volatile combustion products.  Potential benefits 
of such composites are underutilized, however, for other energetic formulations, 
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specifically, propellants and explosives. Among different fluoropolymers, PTFE is the 
most widely used, although use of PVDF, PMF and perfluorinated carboxylic acids is 
increasing. Often, it is difficult to achieve homogeneous and fine scale mixing of a 
fluorinated oxidizer, commonly, a polymer, with metal fuel, which prevents the use of such 
composites in many advanced energetic formulations. New processing techniques, 
including aerosol synthesis, cryomilling, and others are being explored. The milled, coated 
and laminate composite systems are generally more attractive than composites using mixed 
or blended powders because of the improved metal-oxidizer interfaces and high energy 
density. A systematic study of physical and chemical properties of fluoropolymers may be 
of interest to make informed choice of the synthetic approach using specific oxidizers based 
on the application requirements.  
In all metal-fluoropolymer composites, the polymers largely decompose releasing 
gaseous fluorocarbons that act as primary fluorinating agents. To predict or interpret 
kinetics of chemical reactions in such composites, the composition and structure of 
polymers obtained from commercial sources needs to be considered carefully, owing to 
presence of secondary active species that may function as competing oxidizers. Differences 
have been reported in ignition and combustion behaviors of energetic formulations 
depending on the choice of specific type or brand of the fluoropolymer, even when the 
main fluorinated molecules are the same. 
Despite multiple laboratory studies, no generalized framework for the reaction 
mechanism across different preparations currently exists. The reactions are not described 
in detail even for Al/PTFE and Mg/PTFE, the most studied compositions. There may be, 
however, an approach for developing a generic reaction mechanism for a broad range of 
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metal-PTFE composites because upon heating, all such composites exhibit a qualitatively 
similar, two-stage reaction irrespective of the method of preparation. The two-stage 
mechanism may also be extended for other systems with polymeric oxidizers as shown for 
Al/PVDF. Experimental studies have provided plausible mechanistic explanations for 
mixed systems where shared interfaces are limited. For most metal fuels, including 
aluminum, oxygen plays a role in initiating fluorination, and intermediate fluorinated 
compounds formed in the first reaction stage convert to final fluoride products during the 
more high-temperature second stage reaction. Oxygen can be available from metal oxide, 
hydroxyl groups attached to the surfaces, from additives to polymer, or from oxygenated 
environment. For some particularly reactive metals, such as magnesium, the metal can 
directly embed into and then cleave C-F bond in fluorocarbons, thus initiating fluorination. 
For magnesium, this is described by the Grignard mechanism. This mechanism needs to be 
explored for a broader range of compositions to establish its applicability for reactive fuels 
other than magnesium.  
The correlation between structural defects, coordination and chemical pathways 
may provide detailed understanding of reaction mechanism in metal-fluoropolymer 
systems. Experiments with simple configurations, such as planar laminates or core-shell 
spherical particles are desired, which are readily interpreted mechanistically. Systematic 
efforts in selecting and comparing composites with fuels with varied properties are needed 
to elucidate direct fuel/polymer and fuel/oxide layer/polymer interactions, enabling us to 
extend the known mechanisms to describe the presently poorly understood staged 
fluorination reactions initiated by different stimuli.  
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Connecting thermal initiation with shock-driven initiation and with reactions in 
detonation-like regimes is also of interest. These are complex systems with multiple 
simultaneous processes. Planning reproducible simple combustion experiments building 
up on the recent progress, e.g., with flash and shock-ignited samples would be desirable. 
Exposing the same composites to different reaction stimuli would be of particular interest.   
Use of fluorinated oxidizers other than polymers, such as metal fluorides, has just 
started attracting attention of researchers dealing with reactive and energetic materials.  
Reactions in these cases may be qualitatively different due to the absence of the carbon 
backbones of the polymers and elimination of gaseous active fluorocarbon generation step. 
A semi-empirical mechanism suggested based on early experiments for metal-fluoride 
composites focuses on a low-temperature reaction, releasing substantial heat, unlike a 
relatively weak first step reaction involving polymeric systems. The low-temperature 
exothermic reaction leads to very low ignition temperatures and improved reaction 
kinetics. A reduced ESD ignition sensitivity in these materials is also very attractive. A 
detailed study into prospective inorganic oxidizers like metal fluorides and the combustion 
mechanisms for respective formulations would be of value for future studies.   
1.10 Research Objectives 
In order to establish the scope of fluorides as oxidizers in metallic reactive material 
intended as additives in propellants, gas-generators and agent-defeat payloads, further 
research is required. This work approaches this in a ground-up fashion by aiming for the 




1. To employ fluorides with distinctly different properties, as oxidizers and probe 
the role of fluorination in assisting ignition of commonly used metal/metalloid 
fuels. 
2. To characterize the modified combustion behavior of fuels when employed with 
fluoride oxidizers, ascertaining improvements and limitations when combusting 
in different environments. 
3. To develop fuel-rich composites with improved ignition and combustion 
behavior while retaining advantageous energy density of fuels and improving 
safety and ease of handling.  
4. To pursue reaction mechanisms driving ignition and combustion with an intent 
to identify rate-limiting steps that are important to improve composite 
characteristics.   
The current research effort will also address approaches to improve composite 
preparation techniques involving milling and solvent-deposition to incorporate very small 
amounts of fluorides into fuels and characterizing homogeneity. Additionally, fluoride 
stability in air is probed and relevant fluoride properties as assimilated for future.   
The proposed effort aims to specifically address the following scientific questions: 
1. Can fluorides be mechanically milled with fuels with different mechanical and 
chemical properties to prepare homogenously mixed composites? 
2. How does fluorination assist in low-temperature reactions that drive ignition in 
composite particles? 
3. What are the behavioral differences between metal-fluorides and metal-oxides 
as oxidizers in thermite-analog/thermite compositions? 
4. How is the combustion of prepared composites affected by different chemical 
species in surrounding atmosphere? 
5. What is the fluorination mechanism? Is it universal or does it differ based on 
fuel and fluoride employed? 
6. What is the effect of oxidizer-content on improvements in ignition and 
combustion of fuel? 
7. How does the reduced-metal from fluoride contribute to ignition and/or 
combustion of fuel? 
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1.11 Organization of the Dissertation 
The dissertation is split into eleven chapters and can be grouped into three sections. The 
initial chapter, Chapter 1 serves as an introduction, elaborating the current research in 
fluorine-based oxidizers outlining the limitations of the polymeric oxidizers and aspects 
requiring further scrutiny. This establishes the need for inorganic fluorine-based oxidizers 
like metal-fluorides. The first section of the work involves the preparation of different fuel-
fluoride composites and characterization of their ignition and low-temperature reactivity 
along with combustion in different environments. Towards this end, 50 wt. % fuel and 50 
wt. % cobalt (II) fluoride/ bismuth (III) fluoride composites were pursued across all three 
fuels explored, Al, B and Si. The Chapters 2 and 3 detail the ignition and combustion 
behavior of aluminum-based composites while Chapters 4 and 5, similarly present boron-
based composite behavior. The Chapter 6 assimilates both ignition and combustion related 
experimental results observed in the case of silicon-based composites.  
In the next section of the report, the effect of fuel/oxidizer content is pursued to 
develop fuel-replacement composite powders. The refinement of milling procedure in 
preparing fuel-rich aluminum-nickel (II) fluoride composites and their low-temperature 
reactions, ignition and particle combustion in air and air-acetylene flame along with 
powder aerosol combustion characteristics are presented in Chapter 7.  Similarly, fuel-rich 
boron-bismuth (III) fluoride composites and boron-bismuth composites with comparable 
bismuth content were prepared and characterized for their ignition and combustion 
behavior in air to probe effect of composition and role of bismuth in boron’s 
ignition/combustion in Chapter 8. Extending the experimental objectives, in Chapter 9, the 
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preparation and characterization of very-fuel rich boron-bismuth (III) fluoride composites 
with dopant level of fluoride is presented.  
In the last section of the dissertation, documented in Chapter 10, the experimental 
observations in the prior chapters were reviewed to identify ignition mechanisms in the 
different fuel-fluoride composites explored. The final chapter, Chapter 11, concludes the 





















FUEL-RICH ALUMINUM-METAL FLUORIDE THERMITES2 
 
2.1 Abstract 
Nanocomposite thermite powders using aluminum as fuel with cobalt and bismuth 
fluorides as oxidizers were prepared by arrested reactive milling. Each material contained 
50 wt% of aluminum and 50 wt% of a fluoride, resulting in fuel-rich compositions. The 
reactions in the prepared powders were characterized by thermo-analytical measurements; 
powders were ignited as coatings on an electrically heated filament and by electrostatic 
discharge. It was observed that the exothermic reactions begin in aluminum-metal fluoride 
thermites at lower temperatures than in any previously prepared reactive nanocomposites 
based on aluminum. Redox reactions in Al·CoF2 and Al·BiF3 nanocomposite started 
around 200 and 250 °C, respectively. The results suggest that the initial reactions are rate-
limited by the decomposition of fluorides. In the oxygenated environments, metals 
generated by reducing the starting fluorides oxidize readily. The newly formed oxides are 
rapidly reduced by excess aluminum, accelerating aluminum oxidation at low temperatures. 
The low-temperature thermally activated reactions lead to low ignition temperatures for 
the powders heated on the filament. Despite the low ignition temperatures, both prepared 
materials were relatively insensitive to ignition by an electric spark, making them attractive 
components of advanced energetic formulations.  
 
 
2 The findings presented in this chapter have been published in the peer-reviewed journal, International 
Journal of Energetic Materials and Chemical Propulsion under the reference listing: 
Valluri, S. K., Schoenitz, M., and Dreizin, E.L., Fuel-rich Aluminum-Metal Fluoride Thermites, 
International Journal of Energetic Materials and Chemical Propulsion, 2017. 16(1): p. 81-101. 




The use of species that are more-electronegative than oxygen, i.e., fluorine, as oxidizers, 
may lead to different ignition mechanisms and generate gaseous combustion products, 
expected to broaden the range of applications for metal-based reactive materials. The 
benefits of fluorinated oxidizers were recognized in early research by Prof. Kuo and his 
colleagues [158-161]. In their pioneering work [159], the benefits of fluorinated binders 
were explored for nano-sized metal particles in solid propellants. In another classic study 
from Prof. Kuo’s group [160], combustion of boron in fluorine-containing gas was shown 
to occur in one stage, unlike the two-stage combustion observed in oxygenated oxidizing 
gases. A fluorinated oxidizing environment was also shown to accelerate removal of the 
natural boron oxide and thus shorten boron ignition delays.  
For condensed reactive materials (RMs), combining metal fuels with fluorine-
containing polymers such as PTFE was reported to be of interest [50, 70, 113, 147, 156, 
162, 163]. Various compositions were blended together [164, 165] or ball-milled to 
generate nanocomposites [78, 81, 166]. While fluoropolymers hold significant promise as 
components of RMs, they are mechanically very different from metals, making their 
homogeneous mixing with metals difficult. In some applications, the presence of carbon is 
also undesirable, and breaking a relatively strong carbon-fluorine bond may limit 
thermodynamic benefits of metal-fluoropolymer compositions. Different fluorine-
containing materials, metal fluorides, have not been explored as potential oxidizers in RMs. 
Similar to thermites and nanothermites that utilize metal oxides as oxidizers, metal fluoride 
thermites are expected to have a range of potential applications in propellants, explosives, 
pyrotechnics, and customized energetic formulations, e.g., agent defeat charges [22, 167-
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175]. However the usefulness of thermites maybe restricted due to the condensed 
combustion products leading to two-phase losses in propellants [176]. Their high 
sensitivity to ignition by electrostatic discharge (ESD) is another important impediment to 
their implementation in practical systems [177-179]. This effort is aimed at determining 
whether the above shortcomings could be removed if oxides are replaced by fluorides as 
oxidizers in the thermite compositions. Specifically, nanocomposite thermites combining 
aluminum with metal fluorides are prepared and characterized.  
Table 2.1 Estimated Energy Densities of Some Common Stoichiometric Aluminum-based 
Thermites and Their Corresponding Fluoride-based Analogs 
Oxide thermite Energy density, 
kJ/g 
Fluoride thermite Energy density, 
kJ/g 
2Al-3CuO -3.451 2Al-3CuF2 -2.919 
8Al-3Co3O4 -5.568 Al-CoF3 -5.038 
2Al-Bi2O3 -2.119 Al-BiF3 -2.085 
5Al-3BiF5 -4.06 
2Al-Fe2O3 -3.979 Al-FeF3 -3.351 
2Al-3FeF2 -2.692 
2Al-3CuO -4.127 2Al-3CuF2 -3.915 
Metal fluorides behaving as oxidizers can be reduced by a more reactive metallic 
fuel in displacement reactions similar to oxides in regular thermites. The energy of 
reactions between aluminum and some metal fluorides is estimated based on the respective 
heats of formation [38]; the estimates are presented in Table 2.1. The calculated energy 
densities for aluminum-fluoride reactions compare well against respective oxide-based 
thermites.  The combustion products AlF3 and AlOF have higher vapor pressure than that 




A more systematic selection of metal fluorides as potential fuels for thermites can 
be made considering both their energetic and stability characteristics. A set of metal 
fluorides is ranked by their enthalpies of formation [38] shown as negative bars in  
Figure 2.1. Fluorides with low heats of formation may be of interest as oxidizers; these 
materials are grouped on the right hand side and the respective bars are highlighted in red 
color. The metal fluorides with higher formation enthalpies grouped on the left hand side 
can be viewed as the potential combustion products. The separation between potential 
oxidizers and products is somewhat arbitrary; for example, it appears that magnesium 
fluoride can be readily reduced by aluminum and other metals. The set of positive bars 
illustrates relative stabilities of different fluorides. Unless stated otherwise, the data on 
stability of fluorides come from [180].  The stability is associated with the decomposition 
temperatures for anhydrous metal fluorides in water (dark blue bars) and decomposition of 
their hydrates heated in an inert atmosphere (cyan bars). For the cases where no dark blue 
or cyan bars are shown, the data are not available or values reported in different sources 
are inconsistent among themselves. The fluorides like CaF2 and BiF3 are stable in air, 
unaffected by moisture and react with water only at higher temperatures [181]. The exact 
value for MgF2 for reaction with water is unknown but is expected to be high. Because of 
the magnesium fluoride’s well-established stability, its decomposition temperature is 
shown to be equal to the highest reported decomposition temperature, that of CaF2. 
Fluorides like NiF2 are stable, slightly or not at all hygroscopic and only their hydrates are 
susceptible to thermal degradation at elevated temperatures. Other interesting fluorides like 
FeF3 and CoF2 are stable but very hygroscopic. Their hydrates deteriorate or decompose at 
elevated temperatures. Some fluorides can be seen to decompose at or below room 
71 
 
temperature in water and in presence of moisture. The fluorides like BF3 and SiF4 are very 
moisture sensitive and react with water on contact. From data in Figure 2.1, fluorides with 
the highest stability, less hygroscopic, and with the lowest enthalpy of formation may be 
selected as potential fuels for thermites. For this initial study, bismuth (III) fluoride, BiF3 
and cobalt (II) fluoride, CoF2, both of which are stable at temperatures common for 














































Anhydrous fluoride in water
 
Figure 2.1. Decomposition temperatures and enthalpies of formation per fluorine atom, 




2.3.1 Material Synthesis  
Two nanocomposite materials with aluminum as a fuel and cobalt and bismuth fluorides as 
oxidizers were prepared by arrested reactive milling [182] in a shaker mill (8000 series 
SPEX CertiPrep). The starting metal was 99.95% pure, -325 mesh elemental aluminum 
powder by Alfa Aesar. The oxidizers were anhydrous cobalt (II) fluoride (98% purity) and 
bismuth (III) fluoride (99% purity), both obtained from Alfa Aesar. The initial charge fed 
into the mill was a blend of 50 wt-% aluminum and 50 wt-% metal fluoride. This resulted 
in fuel-rich compositions, with equivalence ratios given in Table 2.2 describing the 
prepared materials. The milling vials were loaded and sealed in a glove box flushed with 
argon (99.998% pure supplied by Airgas). This prevented the hygroscopic metal fluorides 
from hydration and ensured an oxygen-free environment during milling. Each milling vial 
was loaded with 5 g of powder and 50 g of 10-mm diameter hardened still balls as milling 
media.  In preliminary experiments, dry milling yielded partially reacted products; thus, a 
liquid process control agent, hexane (4 ml), was added. The milling times were 15, 30 and 
60 min.  Prepared samples were stored under hexane in glass vials at room temperature. 
After milling, a small amount, less than one mg, of the prepared composite was placed on 
filter paper laying on top of a wire mesh; the paper was ignited with a lighter and ignition 
of the prepared powder was observed to preliminarily assess its reactivity. It was observed 
that powders milled for 15 and 30 min were more reactive than those milled for 60 min. 
There was no visual difference in combustion of 15 and 30-min milled samples. 
Respectively, further experiments used 15 and 30-min milled samples. The sample 
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prepared using the milling time of 30 min was expected to be better refined and thus it was 
used in most experiments. 
Table 2.2 Prepared Fluoride Thermite-analogs Al·CoF2 and Al·BiF3 
Fluoride-
thermite 
Mole fraction of fluoride Equivalence 
ratio 
Milling 
time (min) Stoichiometric As prepared 
Al·CoF2 0.67 3.6 5.4 15, 30, 60 
Al·BiF3 1 9.8 9.85 15, 30, 60 
2.3.2 Material Characterization  
Powder morphology was examined using a LEO 1530 Field emission scanning electron 
microscope (SEM). The elemental composition was measured using energy dispersive X-
ray spectroscopy (EDX). The structures of the powders were studied using their cross-
sections embedded in epoxy and polished to observe interiors of individual composite 
particles. The images were captured using back-scattered electrons enabling compositional 
contrast. Phase compositions of samples were analyzed using x-ray diffraction (XRD). The 
instrument used was a PANalytical Empyrean multipurpose research diffractometer 
operated at 45 kV and 40 mA using unfiltered Cu Kα radiation (= 1.5438 Å). Powder 
particle sizes were measured using a liquid dispersant, diethylene glycol, dispersed by 
Malvern’s Hydro setup in Malvern Mastersizer 3000 instrument.     
The prepared fluoride thermites were characterized using differential scanning 
calorimetry (DSC) and thermogravimetry (TG) on a Netzsch Thermal Analyzer 
STA409PG. Various heating rates (1, 2, 3 and 5 K/min) were employed for both aerobic 
and anaerobic studies. Anaerobic runs were in argon (99.998% pure, by Airgas) with a flow 
rate of 50 ml/min, while aerobic runs were in a mixture of oxygen (99.994% pure, by 
Airgas) and argon gases flown at 50 ml/min each. Dry samples of 10-15 mg were loaded 
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and heated in alumina crucibles. Selected samples were quenched at various temperatures 
and analyzed using XRD.  
2.3.3 Ignition Experiments 
Ignition temperatures of the prepared fluoride thermites were obtained by monitoring 
optical emission from the reactive powders coated on a 0.5-mm diameter electrically heated 
nickel-chromium wire [183]. In the custom-built setup, the heating rates were controlled 
by the DC voltage and resistance of a rheostat connected in series with the heated wire. 
The reactive powders were applied onto the wire as a suspension in hexane; the hexane 
was dried prior to the experiments. The temperature of the uncoated section of the wire 
was monitored in real time using a high-speed infrared pyrometer, model DP1581 by 
Omega Engineering. The instant of ignition was identified from a video recorded using a 
high-speed camera (MotionPro 500 by Redlake).  
In additional experiments, the prepared composites were ignited by electro-static 
discharge (ESD) using a 931 model Firing Test System by Electro-Tech Systems, Inc. Two 
experimental configurations were used as illustrated in Figure 2.2. In the standard 
configuration, the powder sample was placed in a grounded brass sample holder with a 0.7 
mm deep, 7.1 mm diameter machined indentation. The powder was not compacted but 
loosely packed. The discharge occurred between the powder surface and a steel pin 
electrode located about 0.2 mm above the powder surface. The setup was contained in a 
624-cm3 sealed chamber containing air at 1 atm. The ESD was produced by discharging a 
10,000-pF capacitor charged to up to 20 kV. The pressure generated by the burning powder 
was measured by a 482A21 pressure transducer by Peizoelectronics. Simultaneously, the 
optical emission from the ignited samples was recorded through a Lexan® window. The 
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emission signal passed through an interference filter with the peak wavelength of 568 nm 
and fed to a photomultiplier tube (R647, by Hamamatsu). The baseline corrections were 
performed by sparking the empty crucible and subtracting the optical emission of the spark 
from subsequent sample runs.  
The samples, which were difficult to ignite, were subjected to modified ESD 
experiment, in which a very small quantity of powder was exposed to spark. Thus, ignition 
of individual particles rather than the powder sample was targeted. The powder was placed 
on a tip of a needle while the other identical needle was used as the second electrode; the 
discharge gap was 0.36 mm. The firing system and the capacitance setup were the same as 
for the standard ESD setup. The emission signal was captured by the same 568 nm filtered, 
photomultiplier tube; in addition, the high-speed camera (MotionPro 500 by Redlake) was 
used to photograph the ignition of the particles. The baseline corrections were performed 
by sparking the uncoated needles and subtracting the average of three such curves from the 
sample runs. 
 
Figure 2.2 Schematic diagrams of the standard (A) and modified (B) configurations for 




2.4.1 Particle Powder Morphology  
Figure 2.3 presents SEM images of particle surfaces and cross-sections for the prepared 
materials. The carbon substrate appears as the black background; the dark gray parts of the 
image correspond to aluminum while the lightest sections correspond to the heavier 
fluorides. Images A and D with the same magnification offer a direct comparison between 
Al·BiF3 and Al·CoF2 powders. Al·BiF3 composite consists of relatively uniform particles 
with dimensions close to ~20 μm; much finer particles are also observed. The apparent size 
distribution for Al·CoF2 composite is broader, including particles with sub-micron 
dimensions and particles as large as 50 – 70 µm. Inclusions of BiF3 (Figure 2.3B, C) have 
dimensions less than 1 µm and down to tens of nm; they appear much brighter than 
aluminum. BiF3 inclusions are distributed relatively homogeneously on the surfaces 
(Figure 2.3 B) and in the interiors (Figure 2.3 C) of the prepared powders. The contrast 
between Al and CoF2 is less clear than that between Al and BiF3, although CoF2 appears to 
be well dispersed in Al considering both surfaces (Figure 2.3E) and interior  
(Figure 2.3F) of the prepared powders. From the cross-section shown in Figure 2.3 (F), it 
appears that many CoF2 inclusions are finer than 100 nm. In addition to Al and CoF2, the 
darkest phases in Figure 2.3 (F) were identified as Al5Co2 alloy/intermetallic using EDX 
mapping (approximately 52.1 wt-% Al and 47.9 wt-% Co). Very few such dark inclusions 




Figure 2.3 SEM images of the 30-min. wet milled composites. (A) and (B) Al·BiF3 
powder as milled, (C) Al·BiF3 cross-section in epoxy.  (D) and (E) Al·CoF2 powder as 
milled, (F) Al·CoF2 cross-section in epoxy. 
The 30-min. milled powders were also analyzed for particle sizes and the results 
are shown in Figure 2.4. For both powders, small peaks are observed in the size range 
exceeding 1 mm. No such particles were found in SEM analysis, suggesting that those were 
either bubbles in the solvent or agglomerates formed during the dispersion of powders for 
the particle size analysis. The main size distribution peaks are broad for both materials. 
They apparently consist of at least two overlapping modes. For Al·BiF3 powder, the modes 
appear to be approximately at 57 and 290 µm. For Al·CoF2, the modes are around 32 and 
170 µm. The volumetric means for Al·BiF3 and Al·CoF2 composites are 377 and 230 μm, 
respectively. Note that these distributions may somewhat underestimate the effect of 
nanoparticles, distinguished in the SEM images, which could adhere to large particle 
surfaces in the liquid suspensions. The specific surface areas implied by the measured 
particle size distributions for Al·BiF3 and Al·CoF2 composites are 168.8 and 400.5 m2/kg, 


















Figure 2.4 Particle size distributions of Al·BiF3 and Al·CoF2 composite powders prepared 
by 30-min. milling. 
2.4.2 Heated Filament Ignition 
Sequences of high-speed video frames of ignition of different powders on a heated filament 
are shown in Figure 2.5. For both powders, the emission from the ignited particles begins 
well before the filament itself becomes luminous. Thus, the ignition temperatures were not 
measured directly but rather extrapolated from the heating ramp of the filament measured 
after the powders have burned. The beginning of the heating ramp was assumed to be at the 
time equal to zero. This is likely to result in a systematic error slightly overestimating the 
ignition temperatures. For Al·BiF3, brightly glowing particles appear initially  
(0.156-0.174 s). At later times, particles move away from the wire, producing multiple bright 
streaks. At the frames for 0.210 and 0.224 s, it is apparent that some of the burning particles 
experience secondary micro-explosions.  The wire glow becomes visible at those times as 
well. For Al·CoF2 composite, the initial glow develops into a small burning cloud, with only 
79 
 
very fine distinct steaks for individual burning particles. The entire combustion event ends 
before the wire glow becomes apparent, as it does at 0.204 s. 
The ignition temperatures obtained in these experiments are summarized in Table 
2.3. Average values are shown for both heating rates and temperatures with the error bars 
obtained as standard deviations of the measurements. The scatter in the data is significant; 
however, the temperatures are lower than reported earlier for the oxide-based ARM-prepared 
thermites [184, 185]. For Al·CoF2, it appears that the 30-min milled sample may be more 
reactive than that prepared during 15 min, although the difference in the ignition temperature 
is within the error bar.  
Table 2.3 Average Heating Rates and Ignition Temperatures from the Heated Filament 
Ignition Experiments for Al·CoF2 and Al·BiF3 Samples 
Sample Average Heating Rate, 
(K/s) 
Average Ignition Temp, 
(°C) 
Al·CoF2 (30 min) 1810±790 445±90 
Al·CoF2 (15 min) 1700±780 477±70 
Al·BiF3 (30 min) 1860±490 487±70 
 
Figure 2.5 Video frames showing ignition of the prepared thermites on a heated filament. 
Top row:  Al·BiF3 (30 min); bottom row: Al·CoF2 (30 min). Each frame is labeled with the 
time from the beginning of the wire heating experiment.   
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2.4.3 Electrostatic Discharge Ignition  
Only Al·CoF2 composite powder could be ignited using the standard ESD setup (Figure 
2.2A) and only when the ESD energy was ramped up to 2 J (corresponding to 10,000 pF 
and 20 kV). The pressure and optical emission of the ESD-ignited Al·CoF2 composite are 
shown in Figure 2.6. Both emission and pressure peaks begin after 1 ms, whereas the ESD 
duration is of the order of 10 µs. The pressure peak is delayed compared to that of the 
optical emission. The maximum of the pressure is observed by the end of the optical 
emission trace, suggesting that the heat release occurs while there is optical emission from 
the burning sample.   
In the modified-ESD experimental setup (Figure 2.2B), particles of both fluoride 
powders could be ignited at 5 kV and 2000 pF, corresponding to the ESD energy of 0.25 J; 
however, the repeatability and ease of ignition was found to be lower for the Al·BiF3 
composite sample. The optical emission traces for both fluoride thermites are shown in 
Figure 2.7. These signals are much shorter than shown in Figure 2.6, representing 
combustion of multiple individual particles, rather than cloud combustion occurring in the 
standard ESD setup. Combustion continues well beyond the initial 10 µs, during which 
interference with the ESD is expected. The emission traces for both powders have multiple 
peaks, likely associated with bimodal particle size distributions of the powders prepared 
(cf. Figure 2.4). The emission peak for Al·BiF3 is slightly shorter than that for Al·CoF2 
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Figure 2.6 The pressure and optical emission of the 30 min. milled Al·CoF2 composite 














Figure 2.7 Optical emission traces for 30-min. milled (A) Al·BiF3 and (B) Al·CoF2 
powders in modified ESD experiments aimed to ignite individual powder particles.  
2.4.4 Thermal Analysis  
The DSC and TG measurements for both anaerobic and aerobic conditions of 30-min 
milled Al·CoF2 and Al·BiF3 thermites are summarized in Figures. 2.8 and 2.9, respectively. 
The TG traces are only shown for aerobic experiments because no measurable weight 
change was noted in anaerobic runs. In the anaerobic runs, the temperatures were restricted 
to 600 °C to avoid uncontrolled ignition in the furnace. The heating rates were limited to a 
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maximum of 5 K/min, also to avoid ignition in the instrument.  The maximum temperature 
in the aerobic runs was restricted to 800 °C to avoid vaporizing corrosive fluorinated 
species as observed previously [166].  
The first exotherm observed in the anaerobic DSC traces for Al·CoF2 (Figure 2.8A) 
occurs at very low temperatures, between 200 and 300 °C. Its shape is reproducible at 
different heating rates and it shifts to higher temperatures at greater heating rates, as 
expected for a thermally activated process. It is followed by a weak shoulder, which also 
appears to be reproducible, but is well separated from noise for the traces recorded at 2 and 
5 K/min. There is another, broad exothermic feature observed at higher temperatures; 
however, its shape is poorly reproduced, suggesting that it is affected by changing 
morphology (such as particle sintering) of the heated powder.  
In aerobic conditions (Figure 2.8B), two exothermic peaks closely following each 
other occur at low temperatures, also between 200 and 300 °C. The first and stronger of 
the two peaks occurs at lower temperatures than the first peak observed in the anaerobic 
runs, and the second peak is observed at slightly higher temperatures. There are multiple 
poorly reproducible features observed in the DSC traces at higher temperatures. The 
irregular nature of these features suggests that the reaction is affected by the changes in the 
reacting powder surface caused by sintering and breaking up particle agglomerates. The 
stepwise weight gain observed in the TG traces (Figure 2.8C) correlates well with the peaks 




































Figure 2.8 Thermal analysis of 30-min milled Al·CoF2 thermite heated at different heating 
rates; (A) DSC in anaerobic conditions, (B) DSC in aerobic conditions, and (C) TG in 
aerobic conditions. 
Qualitatively, the main features observed in DSC and TG traces for Al·BiF3 shown 
in Figure 2.9 are similar to those of Al·CoF2. There is one reproducible low-temperature 
exothermic peak in the anaerobic DSC trace, which appears to split into a double peak in 
the aerobic conditions. There are stronger and ill-reproducible exothermic events observed 
at higher temperatures in aerobic conditions, associated with oxidation controlled by the 
changing morphology of the heated powder. The weight gain observed in TG correlates 
with the exothermic features of the respective DSC curves. However, the first exothermic 
peak for Al·BiF3 heated in argon occurs between 300 and 400 °C, that is about 100 °C 
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above the temperatures at which the reaction occurs for Al·CoF2. The first, very weak 
exothermic peak observed in the oxygenated environment occurs at nearly the same 
temperatures as the exotherm observed in the inert environment. The second exotherm in 
































Figure 2.9 Thermal analysis of 30-min milled Al·BiF3 thermite heated at different heating 
rates; (A) DSC in anaerobic conditions, (B) DSC in aerobic conditions, and (C) TG in 
aerobic conditions. 
2.4.5 Composition of Partially Reacted Samples  
Selected samples were heated in the thermal analyzer up to temperatures determined from 
their DSC traces, cooled and recovered for the XRD analysis. The XRD patterns for cobalt 
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fluoride thermites collected from both anaerobic and aerobic runs (Figures. 2.10 and 2.11, 
respectively) include substantial background caused by x-ray induced fluorescence of 
cobalt.  
The first set of XRD traces is shown in Figure 2.10 for Al·CoF2 powder heated in 
argon. The bottom trace shows as prepared or fresh powder, has crystalline cobalt fluoride 
and aluminum peaks as expected and small amounts of cobalt possibly formed through 
milling.  The sample recovered after being heated to 350°C, through the first exothermic 
event (see Figure 2.8A), no longer shows peaks of CoF2.  Peaks of Al remain and the pattern 
for AlF3 emerges. For the sample heated to 600 °C, aluminum peaks are replaced by a clear 
pattern for AlF3, there is a strong pattern for metallic Co, and it appears that an Al-Co alloy 
























Figure 2.10 XRD traces of Al·CoF2 composite powder: as prepared, quenched at 350 and 
600 °C after being heated at 5 K/min in argon. 
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The second set of XRD traces shown in Figure 2.11 shows phases formed in the 
same Al·CoF2 powder heated in an oxidizing environment. The first trace above that of the 
as prepared material is for the powder heated at 5 K/min to 220°C, which represents the 
fastest reaction during the first exothermic peak (see Figure 2.8B). The pattern is similar to 
that of the as prepared powder, while the cobalt fluoride peaks diminished. For the sample 
heated to 350 °C, i.e., through the first couple of exothermic peaks, the pattern of CoF2 
nearly disappeared; the pattern for metallic Al became very weak, while the peaks of AlF3 
emerge along with a weak pattern for metallic Co and a relatively strong set of peaks for 
spinel, CoAl2O4. Finally, the sample heated to 800 °C contains strong peaks of AlF3 and 
CoAl2O4.  
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Figure 2.11 XRD traces of Al·CoF2 composite powder: as prepared, quenched at 220, 350, 
and 800 °C after being heated at 5 K/min in argon-oxygen flow.   
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XRD traces for Al·BiF3, as prepared and heated in argon to different temperatures 
are shown in Figure 2.12. The as prepared (fresh) sample has bismuth fluoride and 
aluminum as expected but also small amounts of crystalline bismuth. The presence of 
bismuth points to a reaction during milling. The pattern for the sample heated to 350°C, 
i.e., when the exothermic event begins (see Figure 2.9A) includes stronger peaks of Bi and 
peaks suggesting the presence of oxygenated species like bismuth oxy-fluoride and/or 
monoclinic bismuth oxide. Peaks of aluminum are also present as well as diminished peaks 
of bismuth fluoride. The next pattern is for the sample recovered from 450°C, after the 
peak of the exothermic event. In that pattern, bismuth fluoride is no longer present. There 
are ascending bismuth peaks that have a shoulder-like feature at ~28°. This feature could 
be assigned to the (2, 2, 1) plane of the Al-F bond, a possible precursor to crystalline 
aluminum fluoride. Finally, the sample heated to 600°C shows strong bismuth peaks 
dwarfing aluminum and aluminum fluoride peaks; there are also additional peaks in that 
pattern that could not be assigned. The unassigned peaks could represent patterns of 
bismuth oxyfluorides, BiOF, they could also be caused by Bi2O3 whose peaks overlap with 
bismuth to a large extent. Although the experiments were performed in argon, traces of 
oxygen could be present in the gas flow; oxygen could also be leached from alumina 
crucibles; additionally, starting aluminum powder included a natural oxide layer, which 























Figure 2.12 XRD traces of Al·BiF3 composite powder: from bottom up: as prepared, 
quenched at 350, 450, and 600 °C after being heated at 5 K/min in argon. 
2.5 Discussion  
2.5.1 Thermally Activated Reactions in Prepared Material  
The exothermic events in the anaerobic runs as well as the initial exothermic peaks in 
aerobic runs occur for both prepared aluminum-fluoride thermites at remarkably low 
temperatures. For Al·CoF2, the first overlapping exothermic events occur between 200 and 
350 °C in both aerobic and anaerobic runs. For Al·BiF3, the first exotherm peaks well below 
400 °C. For comparison, in nanocomposite Al-polytetrafluoroethylene (PTFE) system, the 
exothermic reactions in argon only begin above 400 °C, whereas oxidation is only observed 
well above 500 °C [105, 132]. Similarly higher temperatures are typical for aluminum 
reaction with various metal oxide oxidizers in nanocomposite thermites with structures 
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similar to those of the fluoride-based thermites prepared here [185-187]. In the materials 
prepared by ARM, there is no passivating Al2O3 layer between aluminum and oxidizer. 
Thus, the reaction rate may be affected by decomposition of the oxidizer, yielding mobile 
O or F ions (with oxides or fluorides serving as oxidizers, respectively), and by diffusion 
of those ions toward Al or diffusion of Al ions toward oxidizer through the growing layer 
of the reaction product. The products are Al2O3 or AlF3, for the systems with oxides and 
fluorides used as oxidizers, respectively.  Because the same AlF3 reaction products are 
expected for the Al-PTFE composites, in which the exothermic peaks in DSC appear at 
higher temperatures, it is concluded that the rate-limiting step for the present reactions is 
the decomposition of metal fluorides, CoF2 and BiF3. This decomposition may be 
accelerated by the presence of aluminum, a strong reducing agent. The conclusion 
regarding decomposition of metal fluorides as the rate-limiting step for the initial reaction 
is consistent with the XRD analyses showing that the first change in the pattern for the 
heated sample is the disappearance of both CoF2 and BiF3 peaks (see Figures 2.10-2.12). 
The results suggest that CoF2 decomposes at a lower temperature than BiF3. In anaerobic 
reactions, the reaction sequence is thus including decomposition of a metal fluoride and 
the reaction of fluorine ions with aluminum yielding AlF3. Based on XRD results, the initial 
product of Al-F reaction maybe amorphous or poorly crystalline; it also is likely fluorine 
deficient. The integrals of the initial exothermic DSC peaks observed in anaerobic runs 
yield 243.4 and 263.6 J/g for Al·CoF2 and Al·BiF3 composites, respectively. These values 
represent approximately 15.2% and 31% of energy release expected from the complete 
redox reactions in these respective systems, which is consistent with the formation of the 
initial, fluorine deficient product, which has not crystallized. Its crystallization occurs 
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during the following heating; it is accompanied by the continued reaction, reflected by the 
second, poorly reproducible but significant exothermic feature in anaerobic DSC traces.  
In oxidizing environments, the reaction between aluminum and metal fluoride may 
be accompanied by oxidation. Because the systems prepared here were aluminum-rich, 
different oxidation routes are possible. The unreacted aluminum may be oxidized directly 
by the gaseous oxidizer; in parallel, the reduced metal (Co or Bi) could be oxidized. Finally, 
aluminum may be reacting with the newly formed oxides of cobalt and bismuth, reducing 
them rather than reacting with gas. The latter reaction may be important, in particular, at 
the temperatures below the aluminum melting point, 660 °C, when the reactive interface 
area between aluminum and fluoride inclusions (and respective reduced metal inclusions) 
is very high, as achieved by mechanical refinement of the milled materials.  
To clarify the oxidation mechanism, consider the integral heat released in thermo-
analytical experiments plotted as a function of the measured weight gain, as shown in 
Figure 2.13 (A) and (B) for Al·BiF3 and Al·CoF2, respectively. In addition to the 
experimental curves, bold lines are shown representing a sequence of possible reaction 
steps. Step I, the fluorination of Al, occurs without a mass change, but leads to a heat release. 
The assumed step II is oxidation of the reduced metal, Bi or Co, respectively to Bi2O3 or a 
low-temperature oxide, CoO, stable in the experimental temperature range. Finally, step III 
is the redox reaction between excess Al and Bi2O3 or CoO.  
For Al·BiF3, the experimental data processed include only the first two exothermic 
peaks ending just above 500 °C. The experimental weight gain is detected after the DSC 
integral exceeds the estimated heat release for the complete redox reaction. This suggests 
that all BiF3 was reduced to Bi while forming AlF3 before noticeable oxidation of either 
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metal occurred. The following weight increase is accompanied by a heat release exceeding 
that expected from oxidation of Bi only. The heat release slows down when the total 
increase in mass is reasonably well correlated with that of the complete reduction by Al of 
the oxidized Bi, i.e., the end point of the bold line showing reaction III following reaction 
II. Thus, reduced Bi starts oxidizing, and the formed Bi2O3 is reduced by Al. Indeed, Bi2O3 
is known as an effective oxidizer used in aluminum-based thermites.   The experimental 
curve suggests a scenario, in which reaction steps II and III are occurring in parallel, 
following step I.  
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Figure 2.13 Integrated heat release vs. mass gain in thermo-analytical experiments with 
Al·CoF2 and Al·BiF3 heated at 5 K/min in argon-oxygen flow. The calculated bold lines 
represent hypothetical reaction sequences.  
For Al·CoF2, a weight gain is observed before the fluorination of Al is complete, 
based on the measured heat release. Thus, there is an overlap between the steps I and II: 
reduced Co begins oxidizing before all CoF2 is consumed and Al reacts with CoO as soon 
as it is formed. The calculated and experimental lines nearly meet by the end of the first 
two assumed reaction steps, which is also close to the end of the double-peak exotherm 
observed in experiments. This suggests that the proposed reaction sequence is reasonable. 
92 
 
Step III must be accompanied by further oxidation of the excess Al, as suggested by the 
experimental weight gain.  
2.5.2 Kinetics of Thermally Activated Reactions 
DSC and TG measurements performed at both anaerobic and aerobic conditions at different 
heating rates were processed using a model-free integral isoconversion method by [188] to 
obtain the activation energy as a function of the reaction progress. Because reactions at the 
higher temperatures were poorly reproducible, only the initial exothermic reactions and 
mass gains could be processed meaningfully. The results are shown in Figures. 2.14 and 
2.15 for Al·CoF2 and Al·BiF3, respectively. Instead of plotting the activation energies vs. 
reaction progress, they are shown vs. temperature for the reaction progress achieved at that 
temperature in the DSC and TG experiments performed at 5 K/min. Respective DSC and 
TG traces are shown for comparison, so that the activation energy can be directly related 
to events detected in these measurements.  
For Al·CoF2 both anaerobic and aerobic DSC measurements and aerobic TG were 
processed to obtain activation energies for the initial exothermic and oxidation events 
(Figure 2.14). For the first anaerobic exotherm, the activation energy appears to vary 
between 130 and 150 kJ/mol. Considering the discussion above, it likely represents 
decomposition of CoF2. The activation energy decreases to below 100 kJ/mol when the 
first peak ends and transitions to a broader shoulder, which could be interpreted as 
continuing fluorination after the initial reaction has occurred and a poorly crystalline, 
fluorine deficient aluminum fluoride formed. For aerobic experiments, the first exothermic 
event includes two overlapping peaks. It appears that the activation energy for the first peak 
is close to 105 kJ/mol, while it increases to 130 kJ/mol for the second peak. These 
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activation energies are reasonably close to that obtained for the anaerobic experiments and 
thus can be similarly assigned to decomposition of CoF2. However, based on the observed 
increased heat release and mass gain, the initial decomposition of CoF2 is accompanied by 
Co oxidation, and then by reaction of CoO with Al forming Al2O3. The decomposition of 
CoF2 might be accelerated by immediate oxidation of Co in presence of oxygen, explaining 
a slightly lower activation energy for the beginning of this reaction and, respective shift of 
the initial exothermic peak to lower temperatures compared to those observed in argon. 
The second exothermic peak overlapping with the first one may be affected by the 
redox reaction of Al with the produced CoO. As the reaction continues, the activation 
energy increases in aerobic experiments, which represents a relatively broad exothermic 
event (i.e., at approximately 350 – 500 °C in Figure 2.14) following the initial peaks. This 
increased activation energy may be attributed to the formation of Al2O3, which separates 
Al from the forming CoO. Interestingly, processing the TG traces for aerobic experiment 
yields the activation energies closely resembling those obtained from processing the DSC 
traces.  
For Al·BiF3, initial weight gain was weak and so only DSC measurements were 
processed. The DSC signal corresponding to the low-temperature reaction in the oxidizing 
environment was too weak for useful processing, and thus the reactions in anaerobic and 
aerobic environments cannot be compared to each other directly. For anaerobic exothermic 
reaction, no activation energy plateau is observed, suggesting that this reaction may include 
several overlapping processes. Decomposition of BiF3 and transport of F and Al ions can 
be affecting the reaction rate. The second, stronger oxidation peak observed in the aerobic 
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runs appears to correlate with an increased activation energy, however, the quality of the 
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Figure 2.14 Activation energy as a function of temperature for reactions occurring in 
Al·CoF2 composite heated at 5 K/min; for reference DSC and TG measurements acquired 
at the same heating rate are shown.  
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Figure 2.15 Activation energy as a function of temperature for reactions occurring for 
Al·BiF3 composite heated at 5 K/min; for reference DSC and TG measurements acquired 
at the same heating rate are shown.   
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To correlate preliminarily the events observed in the thermo-analytical 
measurements and ignition using heated filament, both positions of the exothermic peaks 
observed at different heating rates and ignition temperatures are shown in Figure 2.16 in a 
Kissinger plot [189] of ln(/T2) vs 1/T, where  is the heating rate and T is temperature. 
For Al·BiF3, the second exothermic peak observed in the aerobic DSC experiment occurs 
at a temperature range that effectively coincides with the experimental range of ignition 
temperatures, measured at much higher heating rates. Therefore, it is unlikely the reaction 
causing this second peak is relevant for ignition. Conversely, projecting to the high heating 
rates kinetic trends for the first exothermic peaks, for both aerobic and anaerobic 
experiments suggests a possible correlation between related reactions and ignition. 























Figure 2.16 The Kissinger plots combining DSC exotherms and heated filament ignition 
data for 30-min milled Al·CoF2 and Al·BiF3 samples.   
For Al·CoF2, all low-temperature exothermic events observed in DSC and TG 
measurements occur at lower temperatures than ignition. Extrapolating kinetic trends 
linearly to high heating rates points to inverse temperatures lower than (and thus actual 
temperatures higher than) the experimental data. Clearly, such a linear extrapolation is 
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simplistic and a more detailed analysis involving heat transfer in the igniting powders is 
needed to identify reactions leading to ignition. None of the observed exothermic events 
should be neglected in such future analyses based on the present results.  
Activation energies implied by the Kissinger analysis for different events are 
summarized in Table 2.4. They are in reasonable agreement with the activation energies 
obtained using the model-free integral isoconversion method, cf. Figures. 2.14 and 2.15.  
Table 2.4 Activation Energies of Major Exothermic Peaks for Prepared Fluoride Thermites 
from Kissinger Processing 
Material Activation energy, kJ/mol 
Anaerobic peak Aerobic peak 1 Aerobic peak 2 
Al·CoF2 109 92 113 
Al·BiF3 203 267 146 
 
2.5.3 Electrostatic Discharge Ignition Sensitivity  
The low ignition sensitivity of both prepared reactive nanocomposite powders was 
unexpected, based on their low ignition temperatures, but is very attractive for practical 
applications. Even when ignited, the Al·CoF2 produced only a small fraction of the pressure 
close to 9 atm, anticipated for its combustion in air in the present experiments based on an 
estimate using a thermodynamic equilibrium code [190]. A similar low sensitivity to ESD 
was observed previously for spherical titanium powders [191], which were found to form 
particle-particle bridges dramatically reducing electrical resistance of the powder layer. It 
is possible that rapid sintering and formation of interparticle bridges occurs for the prepared 
materials as well, reducing their electrical resistance and increasing their ESD sensitivity. 
If these materials are further developed for practical formulations, the mechanism of their 
reduced ESD sensitivity warrants further studies.  
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2.6 Conclusions  
Aluminum-rich fluoride containing thermites have been successfully prepared by 
mechanical milling. The prepared composite powders of Al·CoF2 and Al·BiF3 contain 
nano-sized inclusions of respective fluorides in the aluminum matrix. Exothermic 
thermally activated redox reactions occur in the prepared materials at remarkably low 
temperatures, lower than any previously reported exothermic redox reactions involving 
aluminum. It is found that such low-temperature reactions were rate limited by the 
decomposition of the fluorides in presence of aluminum as a strong reducing agent. The 
activation energies for decomposition of CoF2 and BiF3 are found to be close to 130 and 
200-250 kJ/mol, respectively. When heated in an oxidizing environment, the fluorination 
reactions are accompanied by oxidation of the reduced metals, Co and Bi, and subsequent 
reduction of the produced oxides by the excess Al. Oxidation of Co begins immediately 
when the reduction of CoF2 starts, while oxidation of Bi occurs later, after most of BiF3 
has been reduced by Al. Both prepared materials ignite readily when heated; it is likely that 
the kinetics of the aluminum fluorination governs their ignition kinetics. Despite low 
ignition temperatures, both prepared materials are very insensitive to ignition by 
electrostatic discharge, making them much safer to handle compared to nanocomposite 









COMBUSTION OF ALUMINUM-METAL FLUORIDE REACTIVE 
COMPOSITES IN DIFFERENT ENVIRONMENTS 3 
 
3.1 Abstract 
Combustion of two nanocomposite powders comprising equal mass fractions of aluminum 
and a metal fluoride, BiF3 or CoF2, is characterized experimentally. The powders were 
prepared by arrested reactive milling; earlier work showed that they are readily ignited 
upon heating and are insensitive to ignition by electrostatic discharge. Here, powder 
particles were ignited in air by passing through a focused CO2 laser beam. They were also 
ignited and burned in oxygen-starved environments produced in the combustion products 
of air-acetylene and air-hydrogen flames. Burn times and color temperatures of the 
particles were measured optically. Combustion products were collected and examined 
using electron microscopy. Correlations of burn times with particle sizes showed that the 
composites containing BiF3 burned faster than those containing CoF2. In air, the burn rates 
of both composite powders exceeded that of pure Al; in the oxygen-starved environments 
the burn rates of the prepared composites were comparable to that of Al. The flame 
temperatures of the CoF2-containing composite were limited by the Al boiling point while 
BiF3 containing composites burned at higher temperatures. Combustion mechanisms for 
the prepared materials are discussed qualitatively.  
 
 
3 The findings presented in this chapter have been published in the peer-reviewed journal, Propellants, 
Explosives, Pyrotechnics under the reference listing: 
Valluri, S. K., Schoenitz, M., and Dreizin, E.L., Combustion of Aluminum-Metal Fluoride 
Reactive Composites in Different Environments, Propellants, Explosives, Pyrotechnics, 2019. 
44(10): p. 1327-1336. 




Thermite reactions are well known and widely explored for a range of applications [192]. 
Most commonly, they involve redox reactions of aluminum with other metal oxides, such 
as Fe2O3, CuO, MoO3, etc. The increased interest to thermite reactions has been stimulated 
recently because of development of multiple nano-thermites, in which the metal fuel and 
oxidizer are mixed on the scale of ca. 100 nm [4, 5, 7, 173]. Despite their significantly 
increased reactivity compared to conventional thermites, the applications for nanothermites 
remain limited. They form primarily condensed combustion products, leading to two phase 
losses undesirable for many propulsion and explosive systems [12, 14]. In addition, 
nanothermites were reported to be highly sensitive to ignition by electrostatic discharge 
(ESD) [23, 177, 178] making them difficult to handle. Both shortcomings can be alleviated 
replacing common thermites with reactive composites using fluorinated compounds as 
oxidizers for aluminum or other metal fuels [193]. Indeed, combustion of aluminum in 
fluorinated oxidizers generates nearly as much heat as oxidation and produces AlF3, AlF 
and AlOF, all of which are volatile or easy-to-volatilize at combustion temperatures. The 
benefits of including fluorinated oxidizers in systems involving aluminum combustion 
were discussed previously [41].  
In many recent studies, fluoropolymers were combined with aluminum as 
oxidizers, e.g., [122, 194-196]or additives to oxidizers or coatings [197, 198]. However, 
the initiation of such aluminum-fluoropolymer systems is significantly more difficult than 
that of a nanothermites. Recently, aluminum-metal fluoride composites were prepared and 
preliminarily characterized as potential replacements to thermites [59]. The thermite 
analogs, 9.8Al·BiF3 and 3.6Al·CoF2, referred henceforth as Al·BiF3 and Al·CoF2 were 
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prepared in Ref. [59] by arrested reactive milling [199]. For these materials, 9.8/1 and 3.6/1 
represent mole fractions of aluminum to the respective fluoride; both materials, contained 
equal mass fractions of aluminum and fluoride. It was observed that the prepared 
composites ignited at ~450 °C, a lower temperature than measured in similar tests with 
nanocomposite thermites. The ignition was suggested to be governed by low-temperature 
fluorination reactions observed in thermo-gravimetric experiments. These reactions have 
activation energies as low as ~100 kJ/mol. Unlike nanothermites, and despite their low 
ignition temperature, the prepared metal-fluoride composites were effectively ignition-
insensitive to ESD, making them easy to handle. These properties make them better 
candidates than thermites as incendiaries and pyrotechnics. The possibility of high 
combustion temperature and volatile combustion products allows the use of these 
composites with reduced fluoride weight fractions as propellants and as fuel additives in 
thermobaric explosives. 
In this study, combustion of nanocomposite aluminum-metal fluoride composites 
is characterized experimentally. Burn rates and flame temperatures are determined for 
composite particles ignited in different oxidizing environments; the results are compared 
to those for pure aluminum. The environments are chosen to simulate combustion in 
different applications. Combustion in air was pursued to study the reactive behavior of the 
composite with the primary oxidizer in air-breathing propulsion, air. To document the 
interaction with hydrocarbons intrinsic in formulations involving binders and polymer 
additives, combustion in hydrocarbon combustion products was studied. Finally, 
combustion in air- hydrogen flame was pursued to estimate the chemical nature of steam 





The composites were prepared by arrested reactive milling of aluminum with two metal 
fluorides, BiF3 and CoF2. The powders used in preparation were micron-sized. The milling 
procedure was not optimized, and the milled composites were found to contain some 
partially reacted components. The detailed composite material preparation has been 
presented in a previous chapter, published as Ref [19]. Table 3.1 presents material 
compositional details useful in the context of current work. The gravimetric presence of 
fluorine in Al·CoF2 is twice that of Al·BiF3. Both composite materials are Al-rich relative 
to the formation of AlF3 and depend on external oxidizers for complete Al oxidation.  To 
quantify this difference, Table 3.1 gives the equivalence ratio as the ratio of the actual Al/F 
ratio to the Al/F ratio in the stoichiometric reaction  
2Al + 3CoF2 → 2AlF3 + 3Co. 
Table 3.1 Characteristics of Composite Materials Prepared and Studied 







Al·BiF3 50 10.7 7.0 9.9 
Al·CoF2 50 19.6 14.5 5.4 
3.3.2 Particle Combustion Experiments  
The combustion experiments were performed in three atmospheres for each of the samples 
tested. For aerobic combustion, particles were ignited by passing through a CO2 laser beam 
in air. The other two, oxygen starved, environments were generated by combustion of air-
acetylene and air-hydrogen gas mixtures. Since the materials are still fuel-rich despite 
carrying fluorine (see Table 3.1), ignition or combustion in the absence of any oxidizer is 
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not expected to be significant and was not studied.  In all three examined cases the particles 
were aerosolized and fed into the initiation zone using a custom designed setup. All 
combustion and ignition experiments were conducted at atmospheric pressure.  The optical 
emission traces produced by burning particles were recorded using two photomultiplier 
tubes (PMT) filtered at 700 and 800 nm equipped with a bifurcated fiber optic cable.  
In the feeder, a powder sample of ~ 0.1g was loaded onto ~30 consecutive threads 
of a ¾” (19.05 mm) diameter screw with 16 threads per inch. The screw was inserted in a 
protective brass tube, and a nozzle was mounted into the tube to protrude inside and engage 
with the screw thread. The nozzle was connected to a carrier gas source. When the screw, 
driven by a DC gear reduction motor was turned, it was moving by the nozzle within the 
protective tube, so that the carrier gas blew particles off the thread. An exit nozzle on the 
other side of the protective tube was connected to a flexible tubing, carrying exiting aerosol 
to the flame or laser beam. The feed rate for all experiments was around 0.11 mg/min. 
Additional details for the powder feeding setup are available elsewhere [200, 201]. 
A Synrad Evolution 125 sealed CO2 laser with a ZnSe lens produced a beam 
focused to ca. 250 µm to ignite particles in air. The laser was operated at 37.5 W, or 30% 
of its maximum power. The particles were aerosolized by air flown at the rate of 0.68 L/min. 
The aerosol was fed into the laser beam using a 2.39 mm inner diameter brass tube with its 
opening positioned 2 mm beneath the focal point of the laser beam. The particles ignited 
crossing the beam and continued to burn as they traveled vertically. The fiber optics cable 
was placed 16 cm away, at the same vertical level as the laser beam. Further experimental 
details may be obtained from previous work [202].  
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The combustion products of the laser-ignited particles were captured on an 
aluminum foil mounted upon a sample holder. The foil was placed 2 cm above the tip of 
feeding tube. The combustion products obtained were examined by a LEO 1530 field 
emission scanning electron microscope (SEM). Backscattered electrons were used to 
collect images with compositional contrast between Al and oxidizers. Elemental analysis 
was performed using energy-dispersive X-ray spectroscopy (EDX).  
Particles burning in oxygen-starved environments ignited while being fed into 
flames produced using different gas mixtures. The use of air-acetylene flame simulates the 
interaction of the prepared composites with combustion products of carbonaceous 
materials like binders. Similarly, the air-hydrogen flame provides conditions to observe 
interaction of the composites with steam to simulate moisture-rich and/or underwater 
applications.  
Both air-acetylene and air-hydrogen flames were produced using the same burner 
setup.  Aerosolized particles were introduced into flames using nitrogen as a carrier gas 
flown at 0.94 L/min. The feeder-tube was positioned axially, at the center of the burner. 
The environment including mostly CO, CO2 and H2O as oxidizers was formed in the 
products of a premixed air-acetylene flame formed above a 5.15-mm internal diameter 
nozzle. The flame was produced using air flown at the rate of 4.72 L/min and acetylene 
flown at 0.64 L/min. The resulting equivalence ratio was 1.62. 
To generate an atmosphere of steam, an air-hydrogen diffusion flame was used. 
Hydrogen was flown through a coaxial tube (5.15 mm inner diameter) around the particle 
aerosol jet at a rate of 0.33 L/min. Oxygen was fed through an outer coaxial tube (47.5 mm 
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inner diameter) at 0.71 L/min. The surrounding ambient air mixed with the oxygen and 
formed a hydrogen-air flame upon ignition.  
In both experiments involving flame combustion, the fiber optics inlet was placed 
5 cm above the tip of the burner nozzle and 24 cm away. Further details can be obtained 
from previous work [203].  
The optical emission of the burning particles was monitored by two filtered 
Hamamatsu R3896-03 PMTs connected to a 16-bit PCI-6123 National Instruments data 
acquisition system. The acquisition rate was set at 100,000 samples per second. Each 
experimental data set was collected for 8 seconds. The pulses in emission data were 
representative of individual burning particles. Only single pulses with an acceptable signal 
to noise ratio were selected for further processing. The pulse durations were interpreted as 
particle burn times. The measured distributions of the burn times were correlated with the 
particle size distributions as discussed in detail elsewhere [204, 205]. Additionally, the two 
filtered emission traces were used to recover a color temperature trace for each particle 
pulse, assuming the particles to behave as gray bodies. For temperature measurements, the 
PMTs were calibrated against a tungsten lamp. The emission traces were processed to 
determine the average temperature during the period when the emission intensity exceeded 
50% of its maximum for each pulse, so that the signal to noise ratio in the temperature 
assessment was reasonably high. A single average temperature value was assigned to each 
processed emission pulse. That temperature described the particle combustion while its 
emission brightness was close to the maximum. Temperatures could only be recovered for 
combustion experiments in air. In the experiments using flames to generate oxidizing 
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environments, the effect of flame radiation was detrimental to the temperature analysis. 
The detailed procedure to obtain temperatures has been detailed elsewhere in [206]. 
Because the feeder setup used in experiments can size classify the aerosolized 
powder, the particle size distributions were measured for the powder directly exiting the 
feeder. Particles exiting the feeder tube were captured on a stub. The collection height was 
adjusted based on the experimental setup. In laser-initiated combustion experiments, the 
stub was placed 2.5 cm above the brass feeder nozzle. In the burner experiments, the 
collection height was 4 cm over the feeder tube. The burner experimental setup required 
electrophoretic assistance to collect particles, where the stub was charged to a voltage of 
1kV. The duration of collection was 15-20 s to ensure enough particles collected on the 
stub for the subsequent size analysis. The stubs were analyzed in an SEM to obtain sets of 
images at multiple magnifications to properly represent particles with vastly different sizes. 
The images at each magnification were processed using Image J software using a custom 
written code to obtain a size distribution from each projected area. The distributions 
obtained at each magnification were stitched together accounting for difference in the 
surface area covered in each case, to arrive at a size-distribution representative of the entire 
composite powder. The analysis employed has been described elsewhere [204]. 
3.4 Results 
3.4.1 Aerosolized Particle Size Distributions 
The size distributions of the collected powders are presented in Figure 3.1. For both 
Al·CoF2 and Al·BiF3 composites, particles fed to the laser beam have distinctly bimodal 
size distributions. For powders fed into the burner, using a greater carrier gas flowrate, a 
bimodal distribution was only observed for Al·BiF3 composite. Coarser particles are 
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consistently detected for both powders fed into the burner. Clearly, these results show that 
the powder feeder alters the powder particle size distribution depending on the carrier gas 
type and flowrate. Thus, employing the same powder feeding configuration for both 
collecting sample for particle size measurements and for combustion experiments is critical 
for appropriate interpretation of the measured particle burn times. The measured size 
distributions were approximated by single (for Al·CoF2 composite fed into the burner) or, 
where appropriate, double lognormal functions. Resulting fitting curves are shown in 
Figure 3.1 as solid lines. The R2 values for the fits are also shown.  
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Figure 3.1 Particle size distributions for Al·CoF2 and Al·BiF3 composites used in 
combustion experiments.  
3.4.2 Particle Combustion Experiments 
Characteristic emission signals obtained from the combustion experiments performed in 
different oxidizing environments are presented in Figure 3.2 for both samples. The traces 
shown at the top are for Al·CoF2 while the ones at the bottom belong to Al·BiF3. Note that 
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horizontal and vertical scales are different for different plots in Figure 3.2. The emission 
traces for both powders burning in air exhibit short peaks with relatively small amplitude. 
There are some small fluctuations, which are more noticeable for Al·CoF2.  For both 
samples, combustion in both oxygen-starved environments was accompanied by longer, 
brighter peaks with rather pronounced periodic oscillations. These oscillatory features 
occur after a certain delay and are very strong for the Al·BiF3 composite. In the emission 
pulses, two stages can be distinguished. Both stages are consistently observed in all 
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Figure 3.2 Characteristic peak features of Al·CoF2 (top) and Al·BiF3 (bottom) composite 
particles burning in different environments. Combustion in air, hydrocarbon combustion 
products, and in steam is illustrated, respectively, by traces shown on the left, center, and 
right.   
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The oscillatory features were also observed in images of streaks of burning Al·BiF3 
particles as shown in Figure 3.3. The streaks in the air-hydrogen flame shown in Figure 
3.3(A) contain three distinct parts. The parts of streaks that were close to the flame were 
rather featureless. The streaks observed higher and farther from the flame exhibited 
oscillatory patterns and spearpoints. Streaks became much brighter and rapidly changed 
color when particles moved to the peripheral regions and thus became exposed to oxygen 
from surrounding air instead of steam present in the flame products.   
A two-staged streak structure was observed when particles burned in combustion 
products of the air-acetylene flame. A dull particle streak (assigned to stage I) is shown in 
Figure 3.3(B), with an inset showing the same streak with increased brightness. It is 
apparent that the streak’s beginning is very diffuse, while a sharp particle trajectory 
becomes apparent at its later part. This suggests a transition from the primarily vapor-phase 
to heterogeneous reaction. The streak seen higher in the trajectory in Figure 3.3(C), is also 
shown in the inset with increased brightness. In this case, an oscillation pattern is observed; 
this part of the streak is assigned to stage II.   
The burn time distributions for the composite powders in air, hydrocarbon 
combustion products, and in steam are shown in Figure 3.4. Unlike particle size 
distributions shown in Figure 3.1, burn time distributions appear to have only one peak and 
a relatively symmetric distribution (when plotted on a logarithmic scale). An average value 
for each distribution is marked in Figure 3.4. Each distribution was fitted by a log-normal 
function shown in Figure 3.4 as a solid line; the R2 values for the fits are also shown. The 
burn times of the prepared composites are very short in air (0.2 – 1 ms); they are longer 
when the particles are exposed to combustion products of the air-acetylene flame (1 – 30 
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ms) and to steam (0.5 – 60 ms). In all environments, Al·BiF3 powder is observed to have 
shorter burn times than Al·CoF2.  
 
Figure 3.3 Representative images of Al·BiF3 particles streaks in oxygen-starved 
environments; the streaks observed in (A) steam, (B) stage-I and (C) stage-II combustion 
features in hydrocarbon combustion products. (The insets show marked portions of the 





















































Figure 3.4 Particle burn-time distributions of Al·CoF2 (top) and Al·BiF3 (bottom) 
composites burning in air (left), products of air-acetylene flame (center), and products of 
hydrogen-air flame (right).  
SEM images of combustion products for laser-ignited Al·BiF3 and Al·CoF2 
composite particles burning in air are presented in Figure 3.5. In experiments with Al·BiF3 
composite, a white residue was deposited on an Al foil held above the focal point of the 
laser.  The residue covered an area of about 500 µm diameter.  Figure 3.5(A) shows a 
backscattered-electron SEM image of the residue.  A magnified image of a small area from 
Figure 3.5(A) is shown in Figure 3.5(B). It shows a perforated, misshapen reacted particle 
with two distinct phases appearing with different brightness. The lighter phase was found 
to be bismuth-oxide, which is also the fine particulate matter on the mount background. 
The composition of the darker particle was close to that of the aluminum oxide. Such 
particles were found dispersed throughout the area covered by the white residue.  
An SEM image of a combusted Al·CoF2 composite particle is shown in  
Figure 3.5(C). The particle is a distinct dark sphere with a lighter hemispherical cap. As 
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labeled in Figure 3.5(C), the darker phase, like for Al·BiF3 composite, was found to be 
alumina while the lighter phase was found to be a cobalt oxide. The shown particle shape 
and morphology are typical for the combustion products of Al·CoF2. Unlike for Al·BiF3, 
there was no fine particulates collected for Al·CoF2 combustion products.  
 
Figure 3.5 SEM images of combusted product-particles collected on an aluminum surface 
for the laser-ignited composite powders burning in air. (A) Overview of combustion 
products for Al·BiF3. (B) Reacted Al·BiF3 particle. (C) Reacted Al·CoF2 particle.  
The burn time – particle size correlation plots for the fluoride composites burning 
in different oxidizing environments are presented in Figure 3.6. Similar correlations for 
spherical aluminum particles burning in the respective oxidizers reported earlier [207], 
[203] and [200] are also shown for comparison.  
In air, both fluoride composites have shorter burn times compared to aluminum. 
The differences in burn times between the fluoride composites was more pronounced for 
submicron-sized particles. The burn times were somewhat shorter for fine particles of the 
Al·BiF3 composite. For combustion in the hydrocarbon combustion products, Al·BiF3 
composite particles had similar burn times to aluminum, while burn times for Al·CoF2 were 
slightly longer. Similarly, in steam, the burn times for Al·BiF3 composite particles were 
nearly the same as for aluminum. Al·CoF2 powder particles burned noticeably longer. 
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Consistently across experimental conditions, Al·BiF3 composite particles burned faster 
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Figure 3.6 Burn time vs. particle size correlations for Al·BiF3 and Al·CoF2 composites as 
compared to reported earlier correlations for aluminum particles burning in air [207], in 




Table 3.2 Pre-factor a and Exponent n for the Power law Description of the Burn Time for 
Particles of Composite Powders. The Burn Time is in ms and Particle Diameter is in µm 




Material a n a n a n 
Al·BiF3 0.25 0.46 5.26 0.34 2.03 0.51 
Al·CoF2 0.33 0.41 8.0 0.29 6.2 0.64 
Data shown in Figure 3.6 were fitted using a power law for burn time, = ∙ , 
where d is the particle diameter (or size).  Respective values for pre-factor a and exponent 
n are shown in Table 3.2. In all cases, the exponent is smaller than 1 suggesting significant 
effect of surface kinetics on the overall burn rate. The exponent is smallest, around 0.3 for 
the hydrocarbon combustion products; it is the largest for steam.  
Statistical distributions of the average particle flame temperatures corresponding to 
individual particle emission pulses for experiments performed in air are shown in Figure 
3.7. Figure A1 in the Appendix A may be referred to for the relevant list of products 
expected for combustion in air. Characteristic phase change temperatures that might be 
relevant for the material systems considered are shown by vertical dashed lines and are 
labeled. A very narrow temperature distribution is observed for particles of Al·CoF2 
composite. The distribution peaks around 2420 K, very close to the boiling point of Al. 
This temperature is much lower than the calculated adiabatic temperature (see Appendix 
A) of ~3500K. The experimental temperature is also less than the boiling points of both 
Al2O3 and metallic Co; however, all fluorinated species that may be produced in this flame 
are volatile.  
A much broader distribution of temperatures is observed for particles of Al·BiF3. 
The peak of that distribution is close to 3150 K, which is close to the boiling point of Al2O3 
and is well above the vaporization temperatures of all other reactants and expected 
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combustion products:  Bi2O3, Bi and AlF3. In fact, all fluorinated species formed during 
combustion are volatilized in this case as well.  




























Figure 3.7 Combustion temperatures of the composite powders Al·CoF2 and Al·BiF3 in air. 
3.5 Discussion 
Common features for both aluminum-metal fluoride composite materials are that they both 
burn faster than Al in air, but not in environments containing a mixture of CO, CO2, and 
H2O. A comparison of the burn rates for thermites and aluminum powders was reported 
earlier [28]; it was shown that the aluminum burn rates cannot be generally exceeded by 
the thermites. Here, at least in air, the aluminum burn rates are exceeded (see Figure 3.7). 
The fast fluorination reaction and the elimination of volatile products from the surface, are 
suggested as the reasons for the higher burn rates.  
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For both materials, two-staged combustion patterns were observed in the flame-
generated, oxygen starved oxidizing environments (Figures. 3.2, 3.3). The second stage 
was accompanied by an oscillatory emission pattern, generally attributable to formation of 
asymmetric particles, e.g., particles with various inclusions or caps having different 
emissivities.  
Experimentally observed differences in combustion of Al·CoF2 and Al·BiF3 may 
be summarized as follows: 
● In all environments, particles of Al·BiF3 burn faster than those of Al·CoF2 (Figures. 
3.4, 3.6). 
● Fine smoke particles are found in the combustion products of Al·BiF3 (in air) but 
not in the products of Al·CoF2 (Figure 3.5). 
● Coarser product particles are deformed for Al·BiF3 but are nearly spherical for 
Al·CoF2 (Figure 3.5).  
● Flame temperatures for Al·CoF2 are apparently limited by the boiling point of Al, 
while higher flame temperatures are observed for Al·BiF3 (Figure 3.7).  
These observations can be qualitatively interpreted considering a combustion 
scenario, in which fluorination of aluminum serves to start a rapid exothermic reaction for 
both materials in all environments. However, different products are formed for Al·BiF3 and 
Al·CoF2 composite powders burning with different oxidizers. One significant difference 
between the two materials is in volatility of the metal reduced by fluorination reaction. 
Reduced Bi is volatile, while reduced Co is not.  
Evaporation of Bi is thus expected to begin early during particle combustion and 
diminish at longer burn times. Both evaporation of Bi and Al are expected to lead to 
formation of a standoff vapor-phase flame, generating smoke observed to form for these 
particles (Figure 3.5). The smoke composition dominated by bismuth oxide suggests that 
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evaporation of bismuth is the predominant vapor-generating process. This is expected 
based on the much higher vapor pressure for Bi as compared to Al. At this combustion 
stage, the mass flow of evaporated species is directed away from the particle surface, 
producing respective Stefan flow, which makes it difficult for the oxidizing species to reach 
the particle surface. As the combustion continues and bismuth is consumed, its evaporation 
slows down, and the effect of surface reactions becomes progressively stronger. This 
transition is clearly observed in Figure 3.3B and respective inset for the case of combustion 
in the products of a hydrocarbon flame. An initially diffuse streak becomes progressively 
sharper, indicating a diminishing effect of the vapor phase reaction and transition to 
heterogeneous combustion.  
Upon transition to a heterogeneous reaction, the direction of the diffusion-driven 
Stefan flow shifts. At this stage, the flow may be directed towards the particle surface. In 
addition to transporting the oxidizing species from surroundings, this flow may drive 
suboxides formed in the vapor phase and even smoke particles back to the particle surface. 
This is expected to occur at late stages of combustion, causing formation of the product 
particles such as shown in Figure 3.5B.  
Conversely, for Al·CoF2, the reduced Co is molten, but its vapor pressure is low. 
Thus, it remains condensed, serving as an inert additive to aluminum, making its heating 
by combustion reactions less effective. The particles primarily oxidize heterogeneously, 
with Co remaining unoxidized while it is mixed with molten Al. The temperature is 
effectively limited by the aluminum boiling point (Figure 3.7). At later combustion stages, 
when oxidation of aluminum slows down, Co may react with surroundings producing 
respective oxide and yielding product particles as shown in Figure 3.5C. 
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Because the vapor phase combustion is suppressed by presence of a refractory inert 
additive to aluminum, the overall burn rate for Al·CoF2 is lower than for Al·BiF3.  
Aside from different volatility of the reduced metal, the differences in combustion 
of both prepared composites in air are minor. For both composites, formation of volatile 
aluminum suboxides, such as Al2O is expected. Similarly, for both composites formation 
of volatile oxyfluoride AlOF and fluoride, e.g., AlF species is expected from the 
equilibrium calculations shown in the supporting material. However, the equilibrium 
calculations clearly over-predict the flame temperature for Al·CoF2 (see Appendix A). 
Most likely, it is because they under predict the existence of unoxidized Co, for which 
oxidation is kinetically limited when it is dissolved in a more readily reacting Al. 
Conversely, in a vapor phase flame, evaporated Bi is expected to oxidize readily.  
For both composites, the burn rates are markedly lower in both flame generated 
oxygen starved environments. It is suggested that one main reason for the reduced burn 
rate is the presence of high temperature hydrogenated species, primarily H2O. The 
superheated steam is a potent reactant towards fluorides. Instead of fluorinating Al, metal 
fluorides present in the composite particles can readily react with H2O forming HF, as seen 
from the CEA calculations (see Figure. A1 in Appendix A). Certainly, HF is a less effective 
oxidizer for Al than starting metal fluorides, so that the ignition of composite particles in 
such cases is delayed. Another effect occurring in the environment containing CO and CO2 
is formation of condensed phase carbides and oxy-carbides [208]. This is expected to occur 
with both composite powders prepared as well as with pure Al burning in such 
environments. Combustion is also generally slower because CO2, CO, and H2O are less 
effective oxidizers than O2 present in air. 
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Finally, the presence of staged combustion is most likely explained by changes in 
both composition of heterogeneously burning particle and composition of the oxidizing 
environment away from the burner. As burning particles move further away from the flame, 
they encounter more and more oxygen mixed into the gas from surrounding air. Added 
oxygen can accelerate the reaction and formation of oxide caps, which in turn can lead to 
oscillatory emission patterns. Such oscillatory patterns also are well known to occur for 
combustion of aluminum in air; they are generally caused by heterogeneity of the burning 
particle surface and thus are not unexpected in the present experiments. 
3.6 Conclusion 
Powders of nanocomposite thermite analogs; Al·BiF3 and Al·CoF2 are rapidly burning in 
air with the particle burn times shorter than those of pure aluminum particles with the same 
dimensions. In mixtures of CO2, CO, and H2O as well as in H2O, burn rates of both 
materials are comparable to that of pure Al. In all environments, particles of Al·BiF3 burn 
faster than Al·CoF2 and at least as fast as pure Al. Particles of Al·BiF3 begin burning in the 
vapor phase and then transition to primarily heterogeneous combustion. Their flame 
temperatures are comparable to the boiling point of Al2O3. Particles of Al·CoF2 burn 
heterogeneously at the temperature limited by the boiling point of Al. It is suggested that 
presence of high-temperature H2O in the oxidizing environment can substantially delay 
ignition of the aluminum-metal fluoride composites because of the reaction of H2O with 







BORON-METAL FLUORIDE REACTIVE COMPOSITES: PREPARATION AND 
REACTIONS LEADING TO THEIR IGNITION 4 
 
4.1 Abstract 
Composite powders combining boron with BiF3 and CoF2 were prepared using mechanical 
milling. As-received amorphous boron and boron initially washed with acetonitrile to 
remove the hydrated surface oxide were used as starting materials. In the prepared 
composite powders, each particle was a dense agglomerate of primary, nanosized boron 
particles coated with metal fluorides. Reactions occurring upon heating in both aerobic and 
anaerobic environments were characterized using thermoanalytical measurements and 
mass spectroscopy. Powders were ignited on an electrically heated wire. Ignition sensitivity 
of the powders to electrostatic discharge was found to be low. For composite powders 
prepared using commercial boron, low-temperature reactions catalyzed by hydrated boron 
oxide occur upon heating leading to formation of gaseous boron fluorides. At high heating 
rates, such reactions lead to ignition at very low temperatures. The exothermic reaction 
kinetics and ignition temperatures for such powders are not affected by the fluoride oxidizer. 
For composites using boron washed in acetonitrile, exothermic reactions begin at higher 
temperatures. Respectively, such powders ignite at higher temperatures. For powders using 
washed boron, both kinetics of the exothermic reactions and ignition temperatures are 
 
 
4 The findings presented in this chapter have been published in the peer-reviewed journal, Journal of 
Propulsion and Power under the reference listing: 
Valluri, S. K., Schoenitz, M., and Dreizin, E.L., Boron-metal fluoride reactive composites: 
Preparation and reactions leading to their ignition, Journal of Propulsion and Power, 2019. 35(4): 
p. 802-810. 
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affected by the type of fluoride: materials using BiF3 react and ignite at lower temperatures 
than those using CoF2.  
4.2 Introduction 
The interest in boron as a fuel in energetic preparations due to the metal’s high volumetric 
and gravimetric energy densities has been long known [209-215]. These benefits have not 
often been realized owing to low rates of reactions governing boron ignition and 
combustion and because of formation of energy-trapping intermediates, such as HOBO. 
Based on theoretical analysis, it has been proposed that using fluorine as an added oxidizer 
can critically change reaction rates and mechanisms of boron combustion [216-218]. 
Complex effects of fluorinated environments on combustion of boron particles were 
observed experimentally, including single stage combustion and an accelerated particle 
burn rate [160]. More recently, boron powders were combined with a fluorinated polymer, 
polytetrafluoroethylene (PTFE) to achieve enhanced combustion in practical energetic 
formulations [90, 91]. However, the previous work on design and characterization of 
reactive materials combining boron with fluorinated compounds is very limited. It was 
recently proposed that new reactive materials can be designed analogous to common 
thermites, where the metal oxide oxidizers are replaced with metal fluorides [219]. Using 
mechanical milling, nanocomposite powders combining aluminum with fluorides of 
bismuth and cobalt were prepared, in particular. Such materials were found to be highly 
reactive, but insensitive to initiation by electrostatic discharge (ESD), making them 
attractive for many practical formulations. Here, this approach is expanded to boron-based 
reactive materials. In addition to a common commercial amorphous boron powder, the 
same powder that was initially treated to remove the natural hydrated oxide layer was also 
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used as a starting material. The hydrated oxide is removed by washing boron in the polar, 
non-oxidizing solvent, acetonitrile [220, 221]. This enables the present experiments to 
consider the effect of the natural boron oxide coating on the reactions leading to ignition 
in the prepared composite materials.  
4.3 Experiments 
4.3.1 Material Synthesis  
Four fuel-rich boron/metal fluoride composite powders were prepared in a shaker mill 
(8000 series SPEX CertiPrep) by Arrested Reactive Milling [182]. The initial charge 
included 50 wt-% of boron and 50 wt-% of a metal fluoride. A commercially available, 
95% pure, amorphous boron powder by SB Boron was used in two composites (referred to 
as B). Two other composites used the same boron powder after it was washed with 
acetonitrile, generally following our earlier work [220]. In such composites, boron is 
referred to as WB. Metal fluorides used were anhydrous 98% pure cobalt (II) fluoride, 
CoF2, and 99 % pure bismuth (III) fluoride, BiF3, by Alfa Aesar. Electron microscopy 
showed that powder of BiF3 consists of 10-20 µm agglomerates of micron-sized crystalline 
particles. Powder of CoF2 includes particles, which form two main fractions: very fine, 
micron sized particles and large, ca. 100 µm rounded agglomerates.  
The total charge in each hardened steel milling vial included 5 g of the powder and 
50 g of milling media (ball to powder mass ratio 10). The powders were milled with 4 ml 
of hexane used as a process control agent (PCA). The milling media used were 9.525-mm 
(3/8 inch) diameter steel balls. Prior to milling, the vials were loaded and sealed in an 
argon-filled glovebox. Table 4.1 summarizes the compositions and milling details for the 
prepared samples.   
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Table 4.1 Prepared Boron Metal Fluoride Composite Powders 
Designation Milling times (min) 
Mole fraction of fluoride in sample Equivalence 
ratio 
Fluorine 
wt % Stoichiometric As prepared 
B·CoF2 30, 60, 120 0.6 0.10 13.5 19.6  
B·BiF3 30, 60, 120 0.5 0.04 24.6 10.7  
WB·CoF2 60 0.6 0.10 13.5 19.6  
WB·BiF3 60 0.5 0.04 24.6 10.7  
Preliminary milling runs were performed with different milling times using as-
received commercial boron. The most reactive samples obtained in those runs were 
identified by visually observing combustion of small batches of prepared powders. Less 
than 5 mg of each powder was placed on a filter paper laid above a well-ventilated wire 
mesh screen. The paper was lit by a gas lighter and the smoldering paper flame ignited the 
powder. The brightness and sound generated by the powder were observed and the more 
reactive powders were selected.  This selection suggested that the 60-min milled 
composites for both B·BiF3 and B·CoF2 were most reactive; therefore, these two samples 
were characterized further. The washed boron/metal fluoride composites were prepared by 
milling for 60 min to be directly comparable to the composites with as received boron. For 
the duration of the project (approximately, one year), the samples were stored in two 
conditions, under hexane and in air. No effect of storage conditions on the sample’s 
reactivity was detected in thermoanalytical measurements.  
4.3.2 Material Characterization  
Prepared powders were examined using a LEO 1530 field emission scanning electron 
microscope (SEM). The images were obtained using back-scattered electrons to achieve a 
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compositional contrast. The elemental composition was estimated using energy dispersive 
x-ray spectroscopy (EDX). In addition to as-synthesized powders, powders were embedded 
in epoxy, cross-sectioned and analyzed.  
Phase compositions of the powders were determined using x-ray diffraction (XRD). 
This was done using a PANalytical Empyrean multipurpose research diffractometer, that 
was operated at 45 kV and 40 mA using unfiltered Cu Kα radiation (λ= 1.5438 Å).  
Further characterization of the composites was done through combined 
thermogravimetric (TG) and differential thermal analysis (DTA) using a Netzsch Thermal 
Analyzer STA409PG. The instrument was run in both aerobic and anaerobic conditions at 
various heating rates (2 - 50 K/min). Anaerobic runs were performed under the flow of 
argon (99.998% pure, supplied by Airgas) at a flowrate of 50 ml/min. The aerobic runs 
were performed with oxygen (99.994% pure, supplied by Airgas) and argon gases, at flow 
rates of 50 ml/min each. For each experiment, the sample was heated, cooled, and heated 
for a second time at identical conditions. The resulting TG and DTA traces obtained in the 
second heating were treated as the baseline and subtracted from the respective TG and DTA 
traces obtained in the first heating runs. In additional experiments, repeated for selected 
heating rates, a 5221 Extrel Core Quadrupole mass spectrometer was coupled to the 
thermal analyzer to characterize evolving gases. The transfer line between thermal analyzer 
and the mass spectrometer was heated to 150 °C to prevent condensation of gases. 
The samples stored under hexane were dried before thermal analysis.  Alumina 
DTA crucibles were used. Samples with different masses were used.  Anaerobic runs were 
performed with samples weighing 10-15 mg while aerobic runs were performed with 
smaller, ~ 4.5-mg, samples to avoid ignition. Experiments with the mass spectrometer in 
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anaerobic conditions were performed with larger sample masses, 85 mg for B·BiF3 and 49 
mg for B·CoF2 to increase the concentration of gaseous products in the argon flow. 
Unfortunately, similar runs in aerobic conditions were not possible because samples are 
prone to ignition. Selected samples were collected after heating in the thermal analyzer and 
further characterized by XRD for phase composition. 
4.3.3 Ignition Experiments 
Ignition temperatures were measured for powders coated on an electrically heated 0.5 mm 
diameter nickel-chromium filament [183]. To prepare the coating, a thin suspension of the 
powders in hexane was painted on the filament, and the hexane was allowed to dry before 
the experiment. The filament was heated using DC voltage produced by one, two, or three 
12-V batteries (rechargeable large-cell battery, 7238K57 by McMaster Carr) connected in 
series with a 1- custom-made high-current rheostat, to adjust the heating rate. The time 
of ignition of the powder was identified from high-speed videos (taken by a MotionPro 500 
camera by Redlake) while optical emission was recorded separately using a photodiode. 
The temperature of the filament was recorded as a function of time by a custom-built 
pyrometer comprising a germanium switchable gain detector (PDA30B2 by Thorlabs), 
coupled with a fiber optics cable with a lens focused on the surface of the uncoated filament. 
The output of the pyrometer was calibrated using a black body emission source (BB-4A by 
Omega Engineering). The pyrometer calibration allows direct temperature reading in the 
range of 573 – 1223 K, however the signal is weaker and thus uncertainty is greater for 
temperatures below 700 K.    
The sensitivity of the prepared powders to ignition by electro-static discharge 
(ESD) was tested using a 931 model Firing System by Electro-Tech Systems, Inc. In one 
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test, a powder sample filled a 0.7-mm deep, 7-mm diameter indent in a grounded brass 
holder. A steel pin electrode was placed ~ 0.2 mm above the sample surface. Typically, the 
shock wave produced by the ESD aerosolizes the powder, which then burns as a cloud, as 
was observed for a similar experimental configuration with various aluminum-metal oxide 
thermites [222]. The entire setup was housed within a 624 cm3, sealed chamber. The 
chamber was equipped with a 482A21 pressure transducer by Piezoelectronics and had a 
Lexan ® window allowing for optical access. The optical emission was monitored using a 
photomultiplier tube R647, by Hamamatsu (PMT) with an interference filter with a peak 
wavelength of 568 nm.  
For the samples that did not ignite in the test described above, a very small amount 
of powder was coated on the tip of a grounded steel pin electrode, which was 0.36 mm 
away from the second, high voltage pin electrode. In this case, individual powder particles 
were ignited by ESD. The emission signal was monitored using the same filtered PMT. 
Both ESD ignition configurations were described in more detail elsewhere [219].   
4.4 Results 
4.4.1 Particle Structure, Surface Morphology and Composition  
SEM images of the composite particles are shown in Figure 4.1. Both surface features and 
cross-sections of powder particles, revealing their internal structure are shown. Boron 
appears dark gray while heavier metal fluorides are seen as bright phase particles or 
inclusions. The surface of the carbon tape used as sample holder appears darkest in the 
images. Images in Figures. 4.1(A) and (D) respectively show B·BiF3 and B·CoF2 
composite clusters, at the same magnification. Boron is mixed relatively uniformly with 
both fluorides; however, a few large, 2-6 μm BiF3 crystals are observed in Figure 4.1(A); 
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no such large individual particles of CoF2 were found. The dimensions of agglomerates 
combining boron and metal fluorides vary in the range of tens of microns. The surfaces of 
milled B·BiF3 and B·CoF2 particles are presented at higher magnifications in  
Figures 4.1(B) and (E), respectively. Boron particles with dimensions of ca. 100 nm appear 
to be coated with a thin fluoride layer, with additional nanosized fluoride particles 
embedded in somewhat porous agglomerates. The coating appears to be more uniform for 
B·CoF2 composite, where most boron particles appear lighter in color because of a thin 
continuous fluoride surface coating. Cross-sections of the two powders are shown in 
Figures 4.1(C) and (F). The porous agglomerate structure observed in the particle surfaces 
continues into their volumes as well.  
For both composites, nano-metric boron particles appear to be coated with a thin, 
discontinuous layer of fluorides. Such coated boron particles are agglomerated with a few 
larger, micron-sized boron and fluoride particles with significant porosity observed in 
agglomerates for both materials. The EDX mapping (not shown for brevity) supports a 
homogenous dispersion of metal fluorides among boron particles in both cases, what is 
also qualitatively observed in images in Figure 4.1.   
XRD patterns for both composite powders are presented in Figure 4.2. The 
composites do not show any crystalline boron, as expected. CoF2 is detected in the B·CoF2 
composite. Two polymorphs of BiF3, orthogonal and hexagonal, are observed in B·BiF3 
composite. Both B·CoF2 and B·BiF3 composites contain reduced metals: Co (cubic) and 
Bi (rhombohedral), respectively. The initial metal fluorides CoF2 and BiF3 were X-rayed 
and did not contain Co or Bi metals in the samples. The metals must have formed during 
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milling, indicating that further tuning of the milling conditions might be desired to avoid 
decomposition of the fluorides.  
 
Figure 4.1 SEM images of the 60-min. wet milled composites. (A) and (B): B·BiF3 powder 
as milled, (C): B·BiF3 cross-section in epoxy.  (D) and (E): B·CoF2 powder as milled, (F): 
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Figure 4.2 XRD patterns of the prepared 60-min. milled B·CoF2 and B·BiF3 composites.  
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4.4.2 Thermal Analysis 
Thermal analysis was aimed to identify low temperature reactions, which may cause 
ignition in the composite powders. The samples were heated from 323 to 973 K (50 to 
700 °C).  Both anaerobic and aerobic DTA and TG measurements performed at a heating 
rate of 5 K/min for 60-min milled composites, B·CoF2 and B·BiF3, are illustrated in Figure 
4.3. 
Figure 4.3A shows the TG plots for both the 60-min milled B·CoF2 and B·BiF3 
powders in aerobic conditions. The main features for both samples are similar: an initial 
mass loss of 5% at ca. 450 K and a subsequent major mass gain at 750 – 800 K. The major 
mass gain leads to a 50.2% mass increase for B·CoF2 while for B·BiF3 it only leads to a 
36.3% mass increase. A slow mass gain begins at about 500 K for B·BiF3, while for B·CoF2 
it becomes detectable at ca. 600 K. At higher temperatures the mass gain occurs more 
rapidly for B·CoF2 compared to B·BiF3. The time derivatives of the shown TG curves 
suggest that the rate of the B·CoF2 mass gain peaks about 10 K below than that of B·BiF3. 
The B·CoF2 sample exhibits a minor mass loss of ~5% after the mass peaks. The mass peak 
is not reached for B·BiF3, which continues to gain mass as the temperature increases. The 
boron powder used to prepare the composites was also run as reference and the 
corresponding TG trace is seen in Figure 4.3(A). The boron sample also exhibits initial 
mass loss, but at lower temperatures (below 400 K). This mass loss for boron was earlier 
attributed to the dehydration of the surface oxide [220]. 
TG traces for anaerobic heating for both powders are shown in Figure 4.3(B). For 
B·CoF2, the initial mass loss observed around 450 K is identical to that observed for the 
aerobic run, Figure 4.3(A). However, for B·BiF3 that initial mass loss step is not observed. 
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Instead, the mass is slowly and continuously decreasing during heating. Major mass loss 
steps are observed in Figure 4.3(B) around 750 – 800 K for both materials, mirroring their 
respective mass gain steps observed in the aerobic runs Figure 4.3(A). The total mass loss 
observed for B·CoF2 is 25% while it is 13.3% for B·BiF3.  
Figure 4.3C shows the aerobic DTA curves corresponding to the TG plots in plot 
Figure 4.3(A). The plots have an observable exothermic rise from temperatures as low as 
400 K, which is particularly well seen for B·BiF3. The shape of the initial exothermic ramp 
for B·BiF3 suggests several reactions occurring at low temperatures. For B·CoF2 sample, 
such low-temperature reactions are not resolved and the major exothermic peak is more 
symmetric. In agreement with the TG traces, the major exothermic peak correlating with 
the mass gain between 750 and 800 K is smaller and wider for B·BiF3 compared to a 
sharper and stronger peak for B·CoF2. Both DTA traces exhibit a secondary minor 
peak/shoulder after the major exotherm.  
The DTA traces for the anaerobic runs seen in Figure 4.3(D) show small exothermic 
peaks corresponding to the respective mass loss steps observed in Figure 4.3(B) for the 
same runs. These DTA traces exhibit a sustained diffuse exotherm even beyond the mass 
loss step until the end of the experiment. 
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Figure 4.3 TG-DTA traces for 60-min milled B·CoF2 and B·BiF3 powders heated at 5 
K/min. (A)& (B) TG plots for both powders in aerobic and anaerobic conditions, 
respectively. (C)& (D) DTA plots for both powders in aerobic and anaerobic conditions 
respectively. A TG trace for boron heated in aerobic conditions is shown as an inset with 
an expanded vertical scale in image (A).  
Thermal behavior of composites prepared using washed and as-received boron 
heated in aerobic conditions is presented in Figure 4.4. Figures 4.4(A) and 4.4(B) present 
the TG and DTA of the CoF2 containing composites while Figure 4.4(C) and 4.4(D) present 
the TG and DTA for the BiF3 containing composites. The TG plots show that both washed 
and unwashed boron composites behave very similarly at higher temperatures but show 
differences at lower temperatures. The washed boron composites do not exhibit the initial 
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mass loss; instead, they show a steady, slow mass gain from very low temperatures. The 
mass gain begins at a lower temperature for WB·BiF3 as compared to WB·CoF2. The insets 
in Figures. 4.4(A) and 4.4(C) show the shift in this low temperature mass gain step with 
heating rate for both metal fluoride composites containing washed boron. The major 
exotherms and mass gain steps are qualitatively similar to each other for samples prepared 
with as received and washed boron combined with both CoF2 and BiF3. These major 
reactions are shifted to slightly higher temperatures for the composites prepared using 






















































Figure 4.4 TG-DTA traces for aerobic experiments at 5 K/min: (A) WB·CoF2 and B·CoF2  
composites (B) WB·BiF3  and B·BiF3  composites. 
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4.4.3 Gaseous Products Released Upon Heating  
The lower-temperature mass loss observed in anaerobic DSC/TG experiments was 
followed through mass-spectroscopy (MS) to identify the evolving gaseous species.  For 
this purpose, approximately 200 mg of each material were heated using a 
thermogravimetric sample carrier that allowed the use of larger sample masses. Samples 
were heated at 10 K/min.  The B·BiF3 samples were heated to 700 °C while the maximum 
temperature for the CoF2 bearing composites was limited to 400 °C in order to avoid 
ignition within the apparatus.  Likewise, no such analyses were performed in the presence 
of oxygen in order to prevent accidental ignition.  
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Figure  4.5 Thermogravimetric reference measurements using large sample masses in Ar 
and at 10 K/min for all composites (as-received and washed boron, and BiF3 and CoF2 
oxidizers) corresponding to evolved gas analysis shown in Figures. 4.6 and 4.7. 
Figure 4.5 shows the observed mass loss (TG), and Figures. 4.6 and 4.7 show time 
derivatives of the mass loss (DTG) and abundances of selected gaseous species in the 
decomposition products of the BiF3 and CoF2 bearing composites, respectively.  Note that 
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a particular species of interest, HF with m/z=20, was obscured by double-ionized Ar from 
the purge gas, and, therefore, could not be resolved.  
Figure 4.5 confirms that the mass loss below about 600 K is comparable for samples 
prepared with as-received and with washed boron. The primary effect of washing is a 
reduced initial mass loss.  Figures 4.6 and 4.7 suggest that this low-temperature mass loss 
is caused by the release of water and hydrocarbons. The hydrocarbons are consistent with 
hexane, which was used as PCA.  The release temperature is significantly above the hexane 
boiling point of about 342 K so that the observed hydrocarbons represent hexane 
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Figure 4.6 Evolved gas analysis for B·BiF3 composites.  
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The distinction between water and hydrocarbons is more pronounced in the case of 
CoF2 in Figure 4.7, where the washed boron composite shows less water and less 
hydrocarbon evolving, and the hydrocarbon is released at a lower temperature.  This is less 
pronounced in the BiF3 composite, where water and hydrocarbons are less clearly separated. 
The remaining gas species are fluorine, detected as F with m/z = 19, and boron trifluoride 
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Figure 4.7 Evolved gas analysis for B·CoF2 composites. 
In the case of the BiF3 composites, F is detected earlier and at a lower temperature 
than BF3, while BF3 tracks the time derivative of the TG (Figure 4.6). This suggests that 
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the BiF3 oxidizer decomposes prior to the reaction with the boron fuel, at least under the 
mild heating conditions of this thermal analysis experiment. The fluorine release is stronger 
for the composite with washed boron. 
The behavior of the CoF2 composites (Figure 4.7) is different.  First, the time 
difference between detection of F and BF3 is much less distinct, if it can be inferred at all.  
Secondly, the composite with washed boron produces more BF3 and less fluorine relative 
to the as-received boron composite.  Indeed, the mass loss of the WB·CoF2 sample 
accelerates (Figure 4.5), producing mainly BF3 (Figure 4.7) where no such mass loss is 
detected in the composite with as-received boron.   
4.4.4 Condensed Phase Reaction Products 
Samples were heated in thermal analyzer up to temperatures of interest, cooled and 
collected for analysis by XRD to identify evolution of remaining condensed species. Figure 
4.8 shows results for the samples collected from the end of anaerobic runs at 973 K (700 °C), 
after the major observed mass loss. The B·CoF2 sample contains cobalt boride (CoB), 
suggesting that in a reducing environment cobalt is prone to react with boron at elevated 
temperatures. Conversely, no boride formation is observed for the products of B·BiF3 

















Figure 4.8 XRD patterns for samples heated to 973 K in anaerobic experiments: (A) 
B·CoF2. (B) B·BiF3. 
Figure 4.9 shows the spent samples quenched and collected from the end of aerobic 
runs at 973 K, after the major mass gain step. The trace shown in Figure 4.9(A) is the 
oxidized product of B·CoF2 at the end of the aerobic run. The quenched product shows the 
formation of crystalline CoB4O7 and small amount of CoO. The presence of B2O3 is 
expected, but cannot be validated by XRD due to its amorphous nature.  
The trace in plot Figure 4.9(B) is the oxidized B·BiF3 powder at the end of oxidative 
thermal analysis run. That sample contains bismuth and small amounts of tetragonal Bi2O3. 
Unlike the case of cobalt fluoride, no mixed oxide is formed and most bismuth remains 
metallic. As previously, the presence of oxidized boron may not be confirmed by XRD due 















Figure 4.9 XRD patterns for the reaction progress (A) B·CoF2 fresh powder and sample 
collected at the end of the aerobic run at 700°C. (B) B·BiF3 fresh powder and sample 
collected at the end of the aerobic run at 700°C. 
The composites that ignited in the thermal analyzer during an oxygenated 
atmosphere run were collected and examined using SEM. The SEM images of an exemplar 
ignited B·BiF3 particle are presented in Figure 4.10. The porosity of the particle is 
substantial despite the small quantity of fluoride in the composite. The particle exhibits 
spherical sub-micron/micron sized lighter color inclusions distributed homogenously 
across the bulk of boron oxide. These inclusions were confirmed to be bismuth by EDX. 
Figure 4.10(B) is a magnified image of the area boxed in Figure 4.10(A). The area shows 




Figure 4.10 SEM images of the ignited B·BiF3 particle obtained from thermal analyzer 
run at 10 K/min heating rate in oxygen/argon atmosphere. (A) large porous particle 
representative of the product recovered from the ignited sample. (B) Magnified view 
showing sizes and shapes of Bi inclusions in the B2O3 matrix.  
4.4.5 Heated Filament Ignition 
High-speed video frames showing ignition for both B·BiF3 and B·CoF2 composites are 
presented in Figure 4.11. For the experiments illustrated in Figure 4.11, the heating rate 
was close to 3000 K/s. For both powders ignition was detected by observing bright particles 
originating on the wire and shooting off from it. Such particles were visible well before the 
heated wire itself became incandescent, suggesting qualitatively a low ignition temperature. 
In such experiments, the ignition temperatures were obtained by extrapolating the 
measured filament temperature vs. time to shorter times corresponding to ignition 
assuming that the heating rate remained constant. As the wire continued being heated, a 
bright cloud developed for burning B·CoF2. For B·BiF3, continuing reaction generated a 




Figure 4.11 High-speed video frames showing ignition of the prepared boron composites 
on a heated filament. Top row:  B·CoF2 heated at 3038 K/s; bottom row: B·BiF3 heated at 
2975 K/s. Each frame is labeled with the time from the beginning of the wire heating 
experiment. 
Measured ignition temperatures as a function of heating rates are shown in Figure 
4.12 for all four composite powders studied. The ignition temperatures of both B·BiF3 and 
B·CoF2 powders are very similar to one another. The effect of heating rate on ignition 
temperatures is also similar for both composites. The ignition temperatures observed are 
lower than the melting point of boron oxide. For both composites prepared using washed 
boron, the ignition temperatures are higher. The spread among similar measurements is 
slightly smaller for these higher temperatures, most likely due to a smaller uncertainty in 
the pyrometer output processing stronger emission signals. Unlike composites using as-
received boron, there is a substantial difference in the ignition temperatures for the powders 
using BiF3 and CoF2 as oxidizers, with the latter composite igniting at substantially higher 
temperatures. The effect of heating rate on the ignition temperature is somewhat weaker 















































Figure 4.12 Ignition temperatures of 60 min wet-milled B·BiF3, B·CoF2, WB·BiF3 and 
WB·CoF2 composite powders as a function of heating rates when ignited in air.  
4.4.6 Electrostatic Discharge Ignition 
Despite using the highest ESD energy settings available with a 10,000 pF capacitor charged 
to 20 kV (equivalent to a 2-J spark), no sample could be ignited when powders were filling 
a 0.7-mm deep, 7-mm diameter cavity. For the powders placed on the tip of a pin electrode, 
ignition occurred when the ESD energy exceeded 0.025 J, using a 2000 pF capacitor 
charged to 5 kV. The ignition generated burning particles flying from the electrode for all 
samples. The powders were hard to ignite in a consistent reproducible manner even at such 
low loadings. The experiments were only performed with composites prepared using as-
received boron. Visually there was no discernable difference between the two composites. 
The optical emission produced by the ignited particles is plotted in Figure 4.13 as a function 
of time. The initial 10 μs of the trace captures the contribution of the spark; the signal at 
longer times reflects only the particle emission. The traces for both samples suggest the 
particle burn time up to ca. 300 µs. Qualitatively, these emission traces are nearly identical 
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to recently reported emission signals produced by similarly ignited composites of 
aluminum with the same metal fluorides, CoF2 and BiF3 [219]. These very short burn times 
obtained when particles were exposed to a very high initial energy boost from the ESD are 
consistent with recent experiments where nanocomposite thermite powders were ignited in 
a similar fashion [207, 222]. For aluminum-based thermites, it was proposed that such short 
burn times occur when the nanocomposite particles retain their nanostructure following 
rapid ignition despite reaching high temperatures exceeding the melting point of aluminum 
[223]. Additional studies might be of interest to further validate this approach for boron-



















Figure 4.13 Optical pulses for 60-min. milled B·CoF2 and B·BiF3 powders coated on a 
pin electrode and ignited by ESD produced by a 2000 pF capacitor charged to 5 kV 
(energy of ~0.025 J). 
4.4.7 Correlation of Thermo-analytical and Ignition Measurements 
The ignition temperatures from heated filament experiments in air and the features 
observed in thermo-analytical measurements in aerobic conditions are combined in a 
Kissinger plot in Figure 4.14. For composites using washed boron (filled symbols), the 
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onset temperatures for the initial low temperature mass gain from the aerobic runs were 
processed; these onset temperatures can be identified from the data illustrated in the insets 
in Figure 4.4, where traces for 5 and 50 K/min are shown. For composites using as-received 
boron (open symbols), the onset temperatures for the initial mass loss step at in aerobic 
conditions was processed for the heating rates of 2 and 5 K/min. In addition, onsets and 
peaks for the major exotherm observed for as received boron are shown.  
Two extended dotted lines in Figure 4.14 show straight line fits obtained for a broad 
range of temperatures and heating rates accounting for both onsets of mass gain observed 
in TG measurements and for ignition temperatures for washed samples for both prepared 
thermites. This Kissinger plot suggests that the initial mass gain in samples prepared using 
washed boron correlates with the observed ignition. The activation energies implied by the 
fits common for mass gain and for ignition are 75.3 and 66.8 kJ/mol for WB·CoF3 and 
WB·BiF3, respectively. For washed boron composites, WB·BiF3 shows lower initial mass 
gain temperatures as well as ignition temperatures, compared to WB·CoF3. Apparent 
activation energies for the ignition of washed boron composites are 86 and 39 kJ/mol, for 
WB·CoF2 and WB·BiF3, respectively. For WB·CoF2 the activation energy implied by 
ignition data alone is quite close to that obtained for the common fit, linking ignition with 
the mass gain observed in TG experiments. For WB·BiF3, ignition experiments imply a 
noticeably lower activation energy than obtained from the common fit considering the mass 
gain data, which could be due to a significant scatter of the experimental data describing 
ignition. Additional measurements are desired to either confirm or reject the proposed 
correlation between ignition and mass gain for WB·BiF3.  
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The observed correlations are less pronounced for composites prepared with as-
received boron.  This is mainly due to the weaker trend and corresponding lower apparent 
activation energy of about 21 kJ/mol for the ignition data in Figure 4.14. The trends for the 
ignition data are indistinguishable for both fluorides combined with as received boron. 
Onsets and peaks for the major exotherm (shown for as-received boron; differences for 
washed boron are smaller than the resolution of the figure), do not correlate with the 
observed ignition temperatures. 
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Figure 4.14 Kissinger plot combining features of thermo-analytical measurements with 
ignition temperatures. Red circles and black triangles represent composites with CoF2 and 
BiF3, respectively. Open and filled symbols represent composites prepared using as-
received and washed boron, respectively. For thermal analysis, dashed and solid lines show 




4.5.1 Structure and Morphology of the Prepared Materials 
Unlike composites with more ductile aluminum, powders prepared here are rather porous. 
SEM images (Figure 4.1) show that boron primary particles remain intact, become coated 
with nano-sized metal fluoride particles and re-agglomerate during milling. The resulting 
composites thus have a scale of mixing between boron and metal fluoride limited by the 
size of primary boron particles, varied from ca. 100 nm to several micron. Both metal 
fluorides are generally reduced to even finer particle sizes. Based on Figure 4.2, it can be 
concluded that the milling conditions may not have been fully optimized leading to partial 
reduction of both CoF2 and BiF3 during milling. It is expected that the process parameters 
can be tuned better to minimize such reaction, although it is likely that achieving a scale of 
mixing comparable to that seen in Figure 4.1 will require the milling conditions quite 
similar to those used here. 
It is also interesting to consider the structure of the combustion products shown in 
Figure 4.10. Molten bismuth does not appear to react with either boron or its oxide, while 
it also does not coalesce into a larger single droplet; instead, it appears to be 
homogeneously embedded into B2O3 matrix, generally retaining the scale of mixing of 
BiF3 in B in the prepared composite. The lack of coalescence of Bi droplets may be 
explained if they are well wetted by molten B2O3, while the surface tension of molten Bi 
is rather high. In addition, formation of gaseous combustion products may have prevented 
or delayed coalescence of molten Bi.  
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4.5.2 Reactions Leading to Ignition  
The data in Fig. 14 suggest that the lower-temperature processes of initial boron hydroxide 
decomposition, and the onset of oxidation correlate with ignition more than the major 
exotherms observed at higher temperatures. 
Since ignition data appear to correlate with a mass increase (Figure 4.4), and since 
gaseous reaction products suggesting fluorine release, or fluoride product formation, were 
not detected at these low temperatures (Figures. 4.6 and 4.7), it is likely that the reactions 
leading to ignition are oxide formation using ambient oxygen. On the other hand, pure 
boron does not readily ignite in air in the filament ignition experiment used here. The 
presence of the metal fluoride oxidizers must be assumed to accelerate the reaction with 
oxygen. A likely reagent for this could be HF, present in low concentrations, and not 
detected in our experiments because its m/z value coincides with the Ar purge gas. HF can 
act as a flux, removing or eroding surface boron oxide grown on the reacting boron, and 
thus mitigating the oxide’s protective effect.  Both, evolving hydrocarbons, and water from 
decomposing boron hydroxide could provide the necessary hydrogen to form HF in small 
concentrations.  Because the composites prepared with as-received boron ignite much more 
readily than those using washed boron, and because ignition occurs at the same low 
temperatures for both BiF3 and CoF2 bearing composites with as-received boron (Figures. 
4.12, 4.14), it is likely that the water present in the surface boric acid (the same for both 
materials) is critical for the formation of HF.  
Formation of CoB in the CoF2 bearing composites and the absence of bismuth 
borides in the BiF3 bearing composite (Figure 4.8) may explain the difference in their 
ignition behaviors as seen in Figure 4.12. Cobalt boride forms at the interface of B and 
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CoF2, which can occur faster for composites using washed boron, when the contact 
between reactants is more intimate. Respectively, this reaction will be more important for 
the composites prepared using washed boron. When CoB forms, part of boron becomes 
unavailable or less readily available for oxidation, delaying ignition of the respective 
composite (Figure 4.12), e.g., compared to the similar BiF3 bearing composite. At the same 
time, decomposition of CoF2 is augmented by reaction of Co with B, explaining the 
accelerated weight loss observed at higher temperatures in an inert environment for 
WB·CoF2 compared to B·CoF2 (Figure 4.5). Note that superposition of reactions of 
fluoride decomposition, boron oxidation, and formation of borides can result in different 
reactions becoming rate-limiting for ignition in cases when the ambient oxygen is limited 
or heating rate is increased.  
4.6 Conclusion 
Mechanically milled composites combining powders of boron with fluorides of cobalt and 
bismuth comprise unaltered primary boron particles with dimensions between 100 nm and 
few micron coated with nano-sized particles of respective fluorides and agglomerated to 
form micron-sized composite powders. A small fraction of the fluorides used is reduced 
during milling. Prepared composites are insensitive to ignition by ESD but readily ignite 
when heated. Formation of gas phase combustion products, including boron fluorides as a 
result of relatively low-temperature heterogeneous reactions is confirmed by MS 
measurements. It is also observed that the reduced cobalt tends to react with boron forming 
a boride in inert environment; ternary oxides are formed in the oxidizing environments. 
Conversely, reduced bismuth remains metallic and is not likely to combine with boron in a 
boride or mixed oxide phase.  
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Ignition in air of the composites prepared in this work appears to be driven by low-
temperature oxide formation reactions aided by fluorine, possibly in the form of HF. At 
high heating rates, such reactions lead to ignition of the prepared composites at low 
temperatures. For composite powders prepared using boron washed in acetonitrile, so that 
the natural hydrated oxide is mostly removed, less water, and therefore less hydrogen for 
the formation of HF is available, exothermic reactions begin at higher temperatures, and 
consequently such powders ignite at higher temperatures. Both kinetics of the exothermic 
reactions and ignition temperatures are affected by the type of fluoride used for the 
composites prepared using boron preliminarily washed with acetonitrile. For such 
composites, materials with BiF3 ignite at lower temperatures than those using CoF2. 
Formation of CoB may be delaying ignition in these CoF2 bearing composite. Kinetics of 
fluorination of boron observed in thermo-analytical measurements for composites with 
both BiF3 and CoF2 added as oxidizers to washed boron tentatively correlate with thermally 











COMBUSTION OF COMPOSITES OF BORON WITH BISMUTH AND COBALT 
FLUORIDES IN DIFFERENT ENVIRONMENTS  5 
 
5.1 Abstract 
Composite powders of boron and 50 wt-% of either bismuth or cobalt fluoride were 
prepared by arrested reactive milling. Particle combustion was studied in air, and in the 
products of air-hydrogen and air-acetylene flames, respectively.  Combustion times, 
determined from 700 nm and 800 nm emission pulses were correlated with particle sizes.  
Combustion temperatures were determined for select cases.  In air, the composite particles 
burned faster than elemental boron with comparable combustion temperatures.  However, 
the composite particles burned in one stage unlike the two-stage combustion pattern known 
for boron.  In flame combustion products, the composite powders burned more slowly than 
elemental boron, but also in a single stage.  Light emission was reduced compared to 
combustion in air, suggesting lower temperatures. Across all conditions, the B·BiF3 
composites had shorter burn times compared to B·CoF2.  Washing boron in acetonitrile 
prior to composite preparation to remove surface oxide/hydroxide had no significant effect 
on combustion of the resulting composites.  
 
 
5 The findings presented in this chapter have been published in the peer-reviewed journal, Combustion 
Science and Technology under the reference listing: 
Valluri, S. K., Schoenitz, M., and Dreizin, E.L., Combustion of Composites of Boron with 
Bismuth and Cobalt Fluorides in Different Environments, Combustion Science and Technology, 
2019.: p. 1-16. 




Boron is an attractive fuel with very high volumetric and gravimetric energy densities. 
Practical uses are impeded by long ignition delays and low burn rates. It is generally 
accepted that boron particles burn in two stages [224-227]. In the first stage, nascent 
oxide/hydroxide layer covering boron controls the rate of oxidation. As reaction progresses, 
oxygen dissolves in the particle [228] and the temperature surpasses the boron oxide 
boiling point. This leads to the second stage where the exposed boron core reacts. This 
oxidation process is heterogeneous owing to boron’s high boiling point of 4200 K [229] 
making boron combustion more comparable to that of carbon than aluminum [230]. In 
hydrogen-rich atmospheres, the metastable intermediate HBO2 is expected to form, 
reducing the energy output [224].  Slow combustion kinetics, agglomeration of molten, 
oxidizing particles, and the energy penalty of vaporizing boron oxides from the surface 
result in incomplete combustion of boron [210, 228, 231, 232].  These shortcomings have 
previously been addressed by fluorination in addition to or instead of direct oxidation, as 
this offers favorable chemical pathways accelerating the reaction and yielding desirable 
products.  
Early experiments on boron combustion in fluorine-rich environments involved 
fluorinated gas species like SF6 [233, 234] and NF3 [160]. In shock initiated combustion 
involving SF6, fluorinated products suppressed BO2 emissions [234] while shortening 
ignition delay and burn times [233]. In CH4/NF3/N2/O2 flames, boron particle burn times 
were shorter as well, and the formation of thermodynamically unfavorable HBO2 was 
reduced [160]. Further, boron’s ignition delay was reduced in the presence of fluorine [232]. 
However, gaseous fluorine-bearing oxidizers are hard to work with and impractical. For 
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example, using SF6 as a source of fluorine required high pressure for generating reactive 
fluorine species [233].  A more practical method of achieving boron fluorination involves 
condensed phases, e.g., fluoropolymers, primarily PTFE [89, 91, 92, 235, 236] and 
fluorinated graphite [237].   
Recently, metal fluorides as oxidizers for metal fuels have been explored [238].  It 
was found that the use of CoF2 and BiF3, improved ignition characteristics of micron-sized 
boron particles [239]. Composites combining boron with either of the above fluorides by 
mechanical milling ignited in air at temperatures as low as 550 K.  Composites prepared 
with boron that had been pretreated to remove the natural surface oxide/hydroxide ignited 
at temperatures above 700 K.  This suggested that at low temperatures, BiF3 and CoF2 react 
more readily with boric acid than with boron.  
Accelerating boron ignition leading to shorter delays is desirable for practical 
applications, as is increasing burn rates.  It is hypothesized that boron burn times can be 
reduced if one of the reactions is fluorination yielding gaseous products, like BF3 or BOF. 
The objective of this work is to determine whether the same metal fluorides that lead to 
accelerated ignition of boron, CoF2 and BiF3, can also improve boron burn rates.  
Three different combustion environments were addressed experimentally: air, 
hydrocarbon combustion products and super-heated steam. Combustion in air is of 
importance for such applications as ramjets [209, 240-243]. The atmosphere of 
hydrocarbon combustion products simulates reactions in solid propellants and explosives 
[211, 244-246]. The environment of super-heated steam simulates conditions that may exist 




5.3.1 Materials  
Composite powders were prepared by arrested reactive milling using a SPEX CertiPrep 
8000 series shaker mill. Consistent with earlier work from Chapter 4 (Ref [239]), fuel-rich 
compositions of boron and 50 wt.-% metal fluoride were prepared. Two sets of composite 
powders were prepared with each fluoride using as-received boron (referred to as B·CoF2 
and B·BiF3) and boron washed in acetonitrile (referred to as WB·CoF2 and WB·BiF3). A 
summary of the prepared materials is given in Table 5.1. The composites were very fuel-
rich as evident from their high equivalence ratios.   
The washed boron composites differed from the as-received boron composites in 
that they had a modified interface, devoid of a boron oxide/hydroxide surface layer, 
connatural to boron surfaces. The washing procedure has been detailed elsewhere in [220, 
221].  Composite preparation along with characterization of freshly-prepared powders has 
been detailed elsewhere in prior work [239].  
All prepared materials had a homogenous distribution of metal fluoride through the 
boron bulk with minor presence of the reduced metals Bi and Co. The presence of reduced 




Table 5.1 The Prepared Composite Powders. For the Composition Estimates, As-received 
Boron was Assumed to have 95 % Purity, and Washed Boron 100 % Purity 
Composites Fluorine content of 
composite, wt-% 
Excess* Boron in 
composite, at % 
Equivalence 
ratio, ɸ 
B·CoF2 19.6 81.6 12.1 
WB·CoF2 19.6 83.3 13.4 
B·BiF3 10.7 91.4 22.1 
WB·BiF3 10.7 92.2 24.6 
* remaining after reaction with all F in composite 
5.3.2 Particle Combustion Experiments   
Combustion experiments were performed in three atmospheres containing different 
oxidizers. Due to the fuel-rich nature of the composites, combustion in an inert atmosphere 
was not pursued.  For combustion in air, aerosolized composite particles were heated by a 
CO2 laser beam. Combustion in the other two anaerobic atmospheres, hydrocarbon 
combustion products and steam, was achieved by injecting particles into air-acetylene and 
air-hydrogen flames, respectively.  
In all experiments, powders were aerosolized and fed by a custom built screw-
feeder setup described elsewhere [250]. The particles were carried by a gas flow into a 2.39 
mm inner diameter brass tube at a rate of approximately 0.11 mg/min.  
In the experiment with laser assisted initiation, particles were aerosolized using air 
as the carrier gas at 0.68 L/min. To direct the particles into the focal point of the beam of a 
Synrad Evolution 125 sealed CO2 laser, the brass feeder tube was placed 2 mm beneath that 
focal point. The beam was focused down to ca. 250 μm by a ZnS lens. All runs were 
conducted at a laser power of 37.5 W, or 30 % of maximum, to reliably exceed ignition 
thresholds. Optical emission produced by burning particles was recorded using two 
153 
 
Hamamatsu R3896-03 photomultiplier tubes (PMTs) equipped with 700 nm and 800 nm 
interference filters. The fiber optic leading to the PMTs was placed 16 cm away from and 
2 cm above the feeder. A more detailed experimental description may be found in [202].  
The burner setup was common for both air-acetylene and air-hydrogen flames.  The 
respective combustible gases flowed through a 5.15-mm internal diameter tube.  Particles 
were axially introduced into the flame by a nitrogen flow of 0.94 L/min through a smaller 
tube positioned at the center of the flame. In both cases, the flames formed over the annular 
region surrounding the nitrogen flow carrying particles.  For the premixed air-acetylene 
flame air and acetylene were fed at 4.72 L/min and 0.64 L/min, respectively, to achieve an 
equivalence ratio of 1.62. For the air-hydrogen diffusion flame, hydrogen was fed at 0.33 
L/min. Oxygen was fed as a shroud flow around the hydrogen flame at 0.71 L/min in order 
to stabilize the diffusion flame. More detail regarding the experimental setup may be found 
in [251]. The combustion event in the burner was also followed by a StellarNet BW16 
spectrometer along with the PMTs described above.  
Particle size distributions were measured for the powders exiting the feeder to 
account for any possible size classification caused by the feeder. SEM stubs with adhesive 
carbon tape were placed perpendicular to the flow direction to collect particles at 25 mm 
and 40 mm above the brass feeder tube in the laser and burner experiments, respectively. 
In the case of burner experiments, the collection was assisted by electrophoresis, by 
charging the stubs to 1 kV. Particles were collected for between 10 and 15 s to have 
sufficient number of particles for analysis. Images of the collected particles at different 
magnification were obtained using a JEOL JSM-7900F field emission scanning electron 
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microscope (SEM). ImageJ software was used to obtain the particle size distributions as 
described earlier [204].  
The light emission pulse widths recorded by the PMTs were interpreted as particle 
burn-times. This method is limited by the discernibility of particle streaks. The signals were 
acquired by a 16-bit PCI-6123 National Instruments board and processed using 
LabVIEW™. The acquisition rate was 100,000 samples/second over an 8 second window 
per run. Several such runs were obtained for each composite and at least 800 pulses were 
processed to arrive at burn time distributions. The burn time distributions were correlated 
with the aerosolized particle size distributions assuming a direct correlation. Particle 
temperatures during combustion were estimated from calibrated brightness ratios at 700 
and 800 nm, and assuming gray body emitters.  Further experimental details for the PMT 
setup and the procedure used to process data are provided in Refs. [204, 205].    
5.4 Results 
5.4.1 Aerosolized Particle Size Distributions  
The size distributions of all aerosolized composite particles in both, laser and burner 
experimental setups are presented as histograms in Figure 5.1. There are no noticeable 
differences between the as-received (left column) and washed boron-fluoride composites 
(right column). Composites with CoF2 ignited by laser have narrower distributions and are 
finer than composites with BiF3. Due to the difference in flow rates used for the laser-
ignited and burner experiments, the particle size distributions for the burner are narrower 
and shifted to smaller sizes. Each distribution was fitted by a single lognormal function 
shown as a solid line in Figure 5.1, along with its respective R2 values.  These fits are 
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Figure 5.1 Size distributions of particles fed into the laser beam (top) and burner 
(bottom). Composites prepared with as-received boron are on the left, and those prepared 
with washed boron are on the right.   
5.4.2 Particle Combustion Experiments 
Representative emissions of composites initiated by the laser beam are presented in Figure 
5.2. The pulses exhibit a sharp rise, are generally devoid of features such as oscillations 



































Pulse features: Combustion in air
Washed B
 
Figure 5.2 Representative emission pulses recorded by a 700-nm filtered PMT for 
combustion in air for composites prepared with as received boron: B·CoF2 and B·BiF3 (left 
column), and with the washed boron: WB·CoF2 and WB·BiF3 (right column).  
Characteristic particle emissions in the burner experiments are shown in Figure 5.3. 
B·BiF3 (Figure 5.3, left) exhibits relatively short green streaks surrounded by a halo of 
incandescent gas, suggesting gasification.   
Emission pulses of the BiF3 composites in both the air-acetylene and air-hydrogen 
flames are shown in Figure 5.4. The pulses exhibit single peaks with some oscillatory 
features. There is no observable difference between the as-received and washed boron-
fluoride composites in either environment.  Individual particle streaks could not be 
distinguished for CoF2 composites (Figure 5.3, right).  The observed diffuse incandescence 




Figure 5.3 Characteristic luminescent particle streaks and diffused incandescence observed 
in B·BiF3 and B·CoF2 composites respectively, in air-acetylene flame.   
A time-integrated visible light emission spectrum of B·CoF2 burning in the air-
acetylene flame is shown in Figure 5.5.  The spectrum shows BO2 peaks, expected in boron 
combustion. Strong peaks by sodium, a common contaminant, are also seen. Peaks 
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produced by fluorinated species like HF, BF, BOF and BF2 could not be observed as they 
are outside of the instrument’s range. 
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Pulse features: Combustion in air-hydrogen flame
Washed B
 
Figure 5.4 Representative emissions recorded by 700 nm filtered PMT in combustion in 
air-acetylene (top) and air-hydrogen flames (bottom) experiments for both as the received 

























Images of the B·BiF3 composite burning the air-acetylene flame were captured by 
a SONY DSC-H50 digital camera (exposure time 1/400 s, aperture f/7.1 and focal length 
5.2 mm) and processed to obtain a qualitative measure of ignition delay of the composite 
particles. The distance of the streak onsets from the burner tip, obtained under identical 
flame and flow conditions, allows comparing ignition delay times for different materials.  
Distributions of this distance of ca. 600 streaks processed for each, B·BiF3 and WB·BiF3 
are presented in Figure 5.6. The difference between the as-received and washed boron-BiF3 
composite is very small. The as-received composite exhibits shorter ignition delays as 
compared to the washed boron composite.  
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Figure 5.6 Frequency distributions of ignition distances for composite particles entering 
the air-acetylene burner for composites prepared with as-received and washed boron: 
B·BiF3 and WB·BiF3, respectively. 
Particle burn times were determined from the width of the recorded particle 
emission pulses.  The respective distributions are presented in Figures. 5.7 and 5.8. The 
burn times of the four composites in air, as seen in Figure 5.7, are quite short, around 0.5 
ms. Both B·CoF2 and WB·CoF2 composites exhibit very similar distributions peaking at 
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0.48 – 0.47 ms. The composites with BiF3, on the other hand, differ with longer burn times 
observed for WB·BiF3 compared to B·BiF3.  
As-received B Washed B
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Figure 5.7 Particle burn time distributions of as-received boron composites; B·CoF2 and 
B·BiF3 (left), and washed boron composites; WB·CoF2 and WB·BiF3 (right), in air.     
The burn time distributions obtained for B·BiF3 and WB·BiF3 in air-acetylene and 
air-hydrogen flames are presented in Figure 5.8. As noted above, because of diffuse optical 
emission, individual particle pulses could not be detected and processed for composites 
with CoF2 burning in the flames. The burn times shown in Figure 5.8 are much longer than 
those observed in air (cf. Figure 5.7). The longest average burn times are observed for the 
air-hydrogen flame. The composite prepared with washed boron WB·BiF3 has longer burn 
times in both flames.  
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All burn time distributions were fit by log-normal functions presented in Figures 
5.7 and 5.8 as solid lines along with R2 values for subsequent processing.  
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Figure 5.8 Particle burn-time distributions of as-received boron composite; B·BiF3 and 
washed boron composite; WB·BiF3, in air-acetylene (top) and air-hydrogen (bottom) 
flames.  
The burn time vs. particle size correlation plots obtained for the composites are 
presented along with data for 95% pure boron [205] in Figure 5.9 for all environments 
studied here. In air, boron-fluoride composites irrespective of the surface treatment and the 
fluoride used, burn faster than boron particles of comparable sizes. There is only a small 
difference between the composites prepared with as-received and washed boron. The 
highest burn rates are observed for B·BiF3. Conversely, in both air-acetylene and air-
hydrogen flames, composites prepared with both as-received and washed boron burn more 
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slowly than elemental boron across particle sizes. Among the composites, those prepared 
with as-received boron burn slightly faster than those using washed boron. The results show 
that the effect of the fluoride oxidizer on burn times is significant in oxygenated 
atmospheres, but fluorides do not accelerate boron combustion in anaerobic conditions 
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Figure 5.9  Burn-time vs. Particle-size correlations for as-received and washed boron-
fluoride composites along with boron [205] for reference,  in air, air-acetylene flame and 
air-hydrogen flame.  
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The combustion temperatures for composites prepared using as-received boron; 
B·BiF3 and B·CoF2 burning in air are presented as distributions in Figure 5.10. Both 
composites burn at similar temperatures as elemental boron [252], which are somewhat 
lower than the boron boiling point. In case of B·BiF3, most measured combustion 
temperatures exceed the boiling points of reduced Bi, B2O3 and Bi2O3. Thus, at high 
temperatures this material is expected to burn as relatively pure boron. However, for 
B·CoF2, both, Co and CoO melts are sufficiently refractory to coexist and mix with the 
burning molten boron. Note that the primary fluorination products BF3 and BOF are gases 
even at room temperatures.  
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Figure 5.10 Particle temperature distributions of as-received boron composites B·BiF3 and 
B·CoF2 burning in air. Melting and boiling points of relevant species are shown for 
reference.   
The particle combustion temperatures in air as a function of their sizes implied by 
the burn time vs. particle size correlations (cf. Figure 5.9) are plotted in Figure 5.11 for 
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both B·BiF3 and B·CoF2.  In both cases, the data are quite scattered; however, a trend of 
greater temperatures for larger particles can be noted for both materials. The trend appears 



























Figure 5.11 Particle combustion temperature and corresponding diameters of as-received 
boron composites; B·BiF3 and B·CoF2 in air.  
5.5 Discussion 
5.5.1 Combustion in Air  
All tested boron-fluoride composites were found to be very reactive in aerobic conditions 
with shorter burn times than elemental boron. The single-peak emission pulses observed 
for all composite powders burning in air and shown in Figure 5.2 are distinct from two-
stage emission patterns for pure boron [205, 252] and thus indicate an altered combustion 
mechanism. Two effects are expected to alter the combustion. First, fluorination leading to 
formation of gaseous products BF3 and BOF will compete with heterogeneous reaction of 
boron with oxygen producing both gas phase intermediate phases (e.g., BO, BO2) and 
liquid boron-oxygen solution [253]. Second, the presence of the reduced metals Bi and Co 
could catalyze heterogeneous boron-oxygen reaction, as reported recently for added Fe 
[205] or CeO2 [254]. The combustion temperatures (see Figure 5.10) are higher than the 
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boiling points of Bi and Bi2O3 suggesting a shorter window in which bismuth bearing 
species can alter boron combustion behavior. For more refractory CoO and Co such effects 
are more likely. Additional work may be needed to separate effects of such additives on 
boron combustion.  
No distinct effect of washing boron on the combustion of produced composite 
materials is observed. Slightly higher bulk burn rates of the materials prepared with as-
received boron are consistent with the observed reduced ignition temperatures of these 
materials [239], explained by reactions between metal fluorides and boric acid readily 
initiated at low temperatures.  
5.5.2 Combustion in Anaerobic Hydrogenated Environments   
Combustion in the air-acetylene and air-hydrogen flame products involves such oxidizers 
as CO, CO2, and H2O, which are all less energetic and reactive than the O2 present in air. 
This generally explains longer burn times for boron in these environments. Although, 
unlike in air, no improvement in burn times was observed for the composite materials, 
boron combustion was nonetheless modified into a single stage event, evident from 
emission pulses in Fig. 4. The one-stage reaction is also implied by the appearance of 
particle streaks of B·BiF3 (Figure 5.3). Unlike boron streaks that show an initial yellow 
coloration morphing into green [205], the streaks observed here were solidly green. The 
streaks were also relatively dim; they could not be usefully identified for Co-bearing 
composites in anaerobic environments. Dim streaks suggest reduced flame temperatures 




Single stage combustion is likely explained, as in air, by formation of gas phase 
fluorinated products and subproducts, which impedes the formation of condensed phase 
intermediates. The presence of water leading to the formation of HF can explain extended 
burn times for the prepared composites as compared to the elemental boron. HF is relatively 
stable and is not an effective oxidizer [160]; thus fluorination is delayed.  
To understand why the burn times of the prepared composites were longer than 
those of elemental boron, recall that the particle temperatures were reduced. Burning 
particle temperature is maintained by the heat released by surface heterogeneous reactions 
as well as by the heat flow from the stand-off flame/condensation zone where B2O3 smoke 
forms. For all boron-metal fluoride composites, formation of condensed B2O3 in the 
standoff flame zone is expected to be diminished because of the gas phase reactions leading 
to fluorination of boron suboxides. In aerobic environments, surface reactions become 
more exothermic: instead of BO and BO2 surface reactions yield BF3 and BOF; the 
associated heat release at the particle surface offsets the reduced heat flux from the standoff 
condensation zone. In anaerobic conditions, formation of BF3 and BOF becomes less likely 
while fluorine is tied up in HF. The standoff flame zone is still diminished; however, there 
is no effective exothermic reaction at the boron surface to offset this loss of heat flux to the 
particle. Respectively, particle burn times are extended. Additional effects of using boron-
metal fluoride composites could be explored in the future. For example, it was suggested 
that HF reacts with the unfavorable HBO2 species to form BOF [255]. Such reactions, 
although maybe slow, can help recovering the energetic potential of boron. They could also 





Reactive composite powders combining boron with fluorides of either cobalt or bismuth 
prepared by arrested reactive milling ignited in air burn faster than elemental boron. The 
flame temperatures are close to those observed for boron; however, composite particles 
burn in one stage unlike boron exhibiting a two-stage combustion pattern. The presence or 
absence of the oxide/hydroxide layer on the starting boron powder used to prepare 
composites does not significantly impact their combustion behavior. 
In anaerobic environments, prepared composite powders burn slower than 
elemental boron. They still burn in one stage; particle streaks are relatively dim implying 
a reduced flame temperature.  
Across all conditions, B·BiF3 has shorter burn times as compared to other prepared 
composites.  
It is proposed that the combustion mechanism for all prepared material is altered 
due to fluorination of boron or boron suboxides. In air, this results in highly exothermic, 
heterogeneous surface reactions on boron particle producing BF3 and BOF. In anaerobic 
environments, the rate of fluorination is reduced due to formation of metastable HF, which 








PREPARATION AND CHARACTERIZATION OF SILICON-METAL FLUORIDE 
REACTIVE COMPOSITES 6 
 
6.1 Abstract 
Fuel-rich composite powders combining elemental Si with the metal fluoride oxidizers 
BiF3 and CoF2 were prepared by arrested reactive milling. Reactivity of the composite 
powders was assessed using thermo-analytical measurements in both inert (Ar) and 
oxidizing (Ar/O2) environments. Powders were ignited using an electrically heated 
filament; particle combustion experiments were performed in room air using a CO2 laser 
as an ignition source.  Both composites showed accelerated oxidation of Si when heated in 
oxidizing environments, and ignited readily using the heated filament.  Elemental Si, used 
as a reference, did not exhibit appreciable oxidation when heated under the same conditions 
and could not be ignited using either heated filament or laser. Lower-temperature Si 
fluoride formation and oxidation were observed for the composites with BiF3; respectively, 
the ignition temperature for these composite powders was also lower.  Particle combustion 
experiments were successful with the Si/BiF3 composite.  The statistical distribution of the 
measured particle burn times was correlated with the measured particle size distribution to 
establish the effect of particle sizes on their burn times. The measured burn times were 
close to those measured for similar composites with Al and B serving as fuels 
 
 
6 The findings presented in this chapter have been published in the peer-reviewed journal, Nanomaterials 
under the reference listing: 
Valluri, S. K., Schoenitz, M., and Dreizin, E.L., Preparation and Characterization of Silicon-metal 
fluoride reactive composites, Nanomaterials, 2020, 10(12): p. 1-23,2367. 




Silicon serves as a fuel in several pyrotechnic compositions [256]. Its high energy density, 
abundance in the lithosphere [257] and cheap manufacture make it an attractive fuel for a 
broad range of applications, including propellants and explosives. However, it is known to 
be relatively difficult to burn [258, 259]. Silicon has a high boiling point (3265 °C) 
compared to its oxide (2230 °C) and hence burns heterogeneously. Further, the nascent 
refractory oxide layer on silicon particles limits the inward diffusion of oxygen at 
temperatures below 1000 °C [260]. The direct oxidation of silicon from gaseous oxygen 
[261] and nitrogen [262] is only accelerated at higher temperatures, when diffusion rates 
increase.  
To make silicon more reactive, previous work focused on employing aggressive 
condensed phase oxidizers. Transition metal oxides [259, 263-266], alkali metal nitrates 
[259, 264-266], perchlorates [264] and manganates [264] were explored as oxidizers for 
micron-sized and nanometric silicon powders. These compositions, though favorably 
reactive, do not fully exploit the potential of silicon as they yield largely condensed phase 
combustion products. Respective silicon-condensed oxidizer composites have reduced 
energy content compared to elemental silicon reacting with oxygen gas; thus, the reactions 
have reduced adiabatic flame temperatures. Use of high surface area, porous and 
nanosilicon has attracted attention [267-270]; however, such materials may be difficult to 
handle and their applications are mostly limited to pyrotechnics.   
In comparison to oxidation, fluorination of silicon is preferred in fuel-limited 
systems because the negative heat of formation of silicon tetrafluoride, SiF4, (-1615 
kJ/mol) is substantially lower than that of SiO2 (-911 kJ/mol), making the reaction more 
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exothermic. Silicon fluorides (and most oxyfluorides [271]) are gases under standard 
conditions.  
Combustion-related work on fluorination of silicon was mostly limited to the use 
of fluoropolymers, e.g., polytetrafluoroethylene (PTFE) as oxidizers. Silicon-PTFE 
compositions are predicted to have a higher adiabatic combustion temperature and produce 
more gaseous products compared to combinations of silicon with oxide-based oxidizers 
[264]. Silicon-PTFE milled composites with a range of compositions (10-40 wt. % silicon) 
have been explored [111, 133, 272].   
In recent studies it was shown that metal fluorides, such as CoF2, NiF2, and BiF3, can 
be effective oxidizers with metal fuels, e.g., aluminum. Reduced ignition temperatures and 
higher burn rates than for pure aluminum (in air) were reported for respective composites 
[273, 274]. Further, metal fluorides were combined with boron, known to be more difficult 
to ignite than aluminum. A marked improvement in the ignition and combustion 
characteristics for boron/metal fluoride composites was observed with as little as 10 wt. % 
of BiF3 [275, 276]. The addition of fluorides altered combustion of boron particles: it 
occurred in a single stage with shortened burn times [275-277]. In constant volume 
explosion experiments, the 10 wt. % BiF3 coated boron powders exhibited a higher rate of 
pressurization and higher maximum pressure compared to fine aluminum [276]. 
Experiments with aluminum and boron-based reactive composites containing metal 
fluorides as oxidizers show consistently significant improvements in kinetics of reactions 
leading to ignition [59, 239].  The use of metal fluorides as oxidizers for silicon is explored 
in the current work. Both BiF3 and CoF2 were incorporated into silicon-metal fluoride 




6.3.1 Material Synthesis 
The silicon-metal fluoride composite powders were prepared in a SPEX Certiprep 8000 
series shaker mill. The constituent silicon (-325 mesh crystalline Si, 99%) and anhydrous 
fluoride powders, bismuth (III) fluoride (BiF3, 98%) and cobalt (II) fluoride (CoF2, 99%) 
were sourced from Alfa Aesar. The compositions targeted 30 and 50 wt.% of silicon with 
the remaining mass of bismuth or cobalt fluoride. The materials were prepared in 5-g 
batches in steel milling vials. The powders were milled using steel milling media with 
hexane as process control agent. The ball to powder mass ratio was fixed at 10.  
In an initial, exploratory experiment, 50 wt. % silicon and 50 wt. % bismuth 
fluoride were milled for 60 min using 9.25-mm (3/8 in) diameter steel balls with 7 mL of 
hexane. This material is referred to as 50Si*·50BiF3. Examination of 50Si*·50BiF3 samples 
showed presence of large Si particles that were not mixed with BiF3. To improve 
homogeneity, milling was therefore carried out it two steps for all other prepared 
composites.  Silicon was milled separately in the first milling step to refine it. This step 
lasted 60 min and used 14 mL of hexane and 5-mm steel balls. This size-reduced silicon 
was also used as reference material for thermal analysis and other experiments.  
In the second step, the size-reduced (premilled) silicon was milled with bismuth 
fluoride or cobalt fluoride for 60 min using 4.76-mm steel balls with 7 mL of hexane. These 
composites are referred to as 50Si·50BiF3, 50Si·50CoF2, 30Si·70BiF3 and 30Si·70CoF2, 
with respective mass percentages of components used as identifiers. Table 6.1 presents 
characteristics of the prepared materials. The equivalence ratios describe reactions  
+ → ↑ +    (1) 
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where Me stands for Bi or Co. Reactions (1) reduce the respective metal fluorides and yield 
SiF4. All prepared composites are fuel-rich, making them potential fuel candidates for 
applications where oxygenated gas environments are available.   








Mass of fluorine, % 
Prepared  Stoichiometric 
Single stage 50Si*·50BiF3 30.4 12.6 10.7 19.9 
Two stages  
 
50Si·50BiF3 
30Si·70 BiF3 50.5 5.4 15 
50Si·50CoF2 34.3 6.9 19.6 34.2 
30Si·70CoF2 54.9 3.0 27.4 
The prepared materials were passivated in an argon-filled glovebox, where oxygen 
was present at a low partial pressure. The passivation lasted 48 hours. Passivated materials 
were covered by hexane and stored in the laboratory for the duration of this project.  
Reactivity was initially assessed by taking 100-200 mg of powder on a ventilated 
filter paper and igniting the paper by a butane lighter inside a fume hood. The 30 wt. % 
silicon powders burned quickly with a bright noiseless flash; the 50 wt. % silicon powders 
were comparatively slower and generated particle streaks jetting from the burning powder 
bulk. For the 50 wt. % silicon compositions, despite coarser scale of mixing and poor 
homogeneity, 50Si*·50BiF3 was visibly more reactive than two-stage milled 50Si·50BiF3. 




6.3.2 Material Characterization 
The surface morphology and homogeneity of mixing between components in the prepared 
powders was examined using a JEOL JSM-7900 field emission scanning electron 
microscope (SEM). The imaging was performed by back-scattered electrons to achieve 
compositional contrast. To identify material composition and impurities incorporated by 
milling, energy dispersive X-ray spectroscopy (EDX) was used. The prepared powders 
were also analyzed using x-ray diffraction (XRD) on a PANalytical Empyrean 
multipurpose research diffractometer operated at 45 kV and 40 mA using filtered Cu Kα 
radiation.  
Reactivity of powders containing 50 wt. % silicon was tested by thermogravimetric 
analysis (TG) coupled with differential thermal analysis (DTA)/differential scanning 
calorimetry (DSC) on a Netzsch STA409PG. The powders with a composition of 30 wt. % 
silicon were not tested to avoid releasing large amounts of aggressive fluorinated gases in 
the instrument.   
Samples were heated in open alumina DTA crucibles only up to 973 K (700 °C) to 
limit release of volatile fluorinated species. Samples were tested in argon (99.998%) 
flowing at 50 mL/min as an inert environment as well as in an oxidizing environment, with 
an additional 50 mL/min flow of oxygen (99.994%). Both gases were sourced from Airgas. 
For each case, a baseline was obtained by heating an empty crucible under identical 
conditions. The sample mass was fixed at ~5 mg, except for a few runs in argon performed 
with larger sample masses of 10 and 24 mg. For oxidizing environment, heating rates 1, 2 
and 5 K/min were used. Experiments in argon were performed with heating rates of 2, 5 
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and 10 K/min. To probe the progress of reactions, samples were recovered from specific 
intermediate temperatures and analyzed using XRD.   
6.3.3 Heated Filament Ignition 
The ignition temperatures for the prepared powders were obtained by coating a sample 
onto an electrically heated 24 gauge (0.5105 mm) nickel-chromium wire. The time of 
ignition was determined from a high-speed video and the wire temperature was measured 
optically, using a calibrated photo diode. The basic experimental setup and procedure have 
been presented earlier [183]. The photodiode-based pyrometer has been described in Ref. 
[239]. Briefly, the wire was coated with a suspension of the powder in hexane. Once the 
hexane dried, the wire was electrically heated using a variable set of rechargeable large cell 
batteries (7238K57 McMaster Carr) and a 1- rheostat connected in series to achieve 
targeted heating rates in the range of 103-104 K/s. A fiber optics cable was focused at a 
section of the wire that was uncoated and fed into germanium photodiode (PDA30B2 by 
Thorlabs). The photodiode was calibrated against a black body emission source (BB4A by 
Omega Engineering) to function as a high-speed pyrometer. To correlate the time of 
ignition to the temperature of the wire, the ignition was recorded using a MotionPro 500 
camera by Redlake, synchronized with the ignition circuit. At least 5 runs were performed 
for each targeted heating rate.  
6.3.4 Particle Combustion Experiments 
The particle combustion was studied by aerosolizing the materials in a room-temperature 
air stream fed into the focal spot of a sealed CO2 laser (Evolution 125 by Synrad). The 
optical emission of the ignited particles was captured by filtered photo-multiplier tubes 
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(PMT) to obtain burn times. Each burning particle produced an emission pulse; the pulse 
width taken at 10% of its peak value was interpreted as the burn time.  
The powder feeder described elsewhere [279] consisted of a screw driven by a DC 
motor, with 30 threads coated by ~ 0.12 g of powder. The powder lodged between the 
threads was blown off the screw and aerosolized by a carrier gas, air flown at 0.68 L/min. 
The aerosolized particles were fed via a 2.39-mm internal diameter brass tube. The upper 
end of the tube was placed 2 mm below the focal spot of the laser. The laser beam was 
focused by a ZnS lens to a spot of about 250 μm diameter. The laser was operated at 37.5 
W, or ca. 30% of its maximum power, which is much higher than the ignition threshold for 
the materials tested. Thus, particles passing through the laser beam ignited consistently. 
Further experimental details are available elsewhere [202]. 
A fiber optics bundle trained to capture the particle emissions was placed 2 cm 
above and 16 cm away from the brass feeder tube. The fiber was split to feed to two 
Hamamatsu R3896-03 PMTs filtered at 700 and 800 nm. The signal from the PMTs was 
acquired through a 16-bit PCI-6123 National Instruments board at 100,000 samples per 
second and processed using LabView software. Signal was collected for periods of 8 
seconds at a time. Several such 8-s runs were required to acquire over 800 pulses produced 
by individual burning particles for each material. Overlapping, or closely spaced pulses 
were dismissed. The widths of the collected individual particle pulses, interpreted as burn 
times, were developed into respective statistical distributions employing a smoothing 
kernel density function [275]. 
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6.3.5 Aerosolized Particle Collection and Sizing 
The aerosolization of the composite powders may cause size classification. Thus, the size 
distributions for the particles observed to burn in the present experiments could differ from 
those of the prepared powders. To account for this, samples of powders passed through the 
feeder were collected and analyzed. A flat aluminum substrate covered with a double-sided 
adhesive carbon tape was placed 2.5 cm above the brass feeder. Particles were trapped onto 
the tape for 10-15 seconds using the feeder operated at the same gas flowrate as in the 
combustion tests; however, with the laser beam turned off. The collected particles were 
imaged by the SEM and their sizes were obtained using ImageJ software [205]. From a 
table of all particles of one material, size distributions were generated using a kernel density 
function. The particle size distributions were correlated with the burn time distributions to 
identify the effect of particle size on the burn time. Such correlations broadly assume that 
larger particles burn longer.  
6.4 Results 
6.4.1 Particle Morphology and Composition 
SEM images of the prepared 50 wt. % silicon- 50 wt. % metal fluoride composites are 
presented in Figure 6.1.  The grey crystalline phase is silicon, and the brightest phase is the 
fluoride.  The carbon tape in the background appears darkest. The single stage milled 
50Si*·50BiF3 powder is shown in Figures 6.1(A) and (B). It is apparent from Figure 6.1(A), 
that the fluoride is not uniformly distributed in the material. Many relatively large, ca. 20 
– 40 μm, Si particles and some unattached BiF3 clusters are observed. Part of the image in 
Figure 6.1(A) with a relatively well-homogenized composite particle is magnified and 
shown as Figure 6.1(B). Individual Si and BiF3 phases are interspersed on a submicron 
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scale. Such particles were few with a majority of silicon particles having little to no fluoride 
attached to them.  
A composite prepared using the two-stage protocol, 50Si·50BiF3, is shown in 
Figure 6.1(C) and (D). All particles show good mixing of the fluoride and silicon and 
reduced particle sizes in Figure 6.1(C). A magnified image of a representative particle in 
Figure 6.1(D) shows angular silicon crystals decorated by bright particles of BiF3.  
The images of the two-stage milled 50Si·50CoF2 powder are presented in  
Figure 6.1(E) and (F).  In Figure 6.1(E), a large, agglomerated particle of ~ 60 μm, with no 
discernable difference in phase contrast is seen. Such agglomerates were common. The 
inset in Figure 6.1(E), shows that the particle surface has distinct angular platelets and 
smaller particles. Through EDX, the larger platelets were confirmed to be Si and the 
smaller particles were found to be CoF2. A smaller particle of 50Si·50CoF2 is shown in 
Figure 6.1(F). Distinct morphology enables one to identify both silicon and CoF2 phases 




Figure 6.1 Backscattered electron images of as-milled 50 wt. % silicon-50 wt. % fluoride 
composites: (A) & (B) 50Si*·50BiF3, (C) & (D) 50Si·50BiF3 and (E) & (F) 50Si·50CoF2. 
SEM images of powders with 30 wt. % silicon and 70 wt. % metal fluoride are 
presented in Figure 6.2. These images were obtained using secondary electrons to highlight 
the surface morphology, while losing on the phase contrast. General particle morphology 
for 30Si·70BiF3 is illustrated in Figures. 6.2(A) and (B).  Similarly, the morphology for 




Figure 6.2 Secondary electron images of as milled 30 wt. % silicon-70 wt. % fluoride 
composites: (A) & (B) 30Si·70BiF3, (C) & (D) 30Si·70CoF2. 
A large amount of unattached BiF3 particles and small crystalline silicon particles 
are observed in Figure 6.2(A). Some relatively large BiF3 particles decorate agglomerates 
of silicon crystals (Figure 6.2B); although the coating does not appear to be uniform. 
In Figure 6.2(C), cobalt fluoride is observed as small fuzzy particles covering 
jagged crystals of silicon. No unattached CoF2 was observed. Generally, 30Si·70CoF2 
composite contained silicon particles with a broad size distribution, all Si surface was 
rather uniformly coated by cobalt fluoride, unlike 30Si·70BiF3. Occasional large particles 
(> 10 μm) were observed in both materials, as shown in Figure 6.2(B) and (D). A flat 
surface, typically formed by milling balls pressing into a softer material, was commonly 
observed for such particles. SEM images show that such large particles consisted of fine 






















Figure 6.3 XRD patterns of the prepared composite powders. 
The XRD patterns of milled composites are presented in Figure 6.3. Peaks 
corresponding to BiF3 and Bi7F11O5 [280] are observed in all Bi-containing composites. 
Detectable amounts of reduced Bi are also observed. In the two-stage milled composites, 
the fluoride and reduced Bi peak intensities scale with the loaded BiF3 concentration; 
stronger fluoride peaks are observed for 30Si·70BiF3 as compared to 50Si·50BiF3. 
Quantitative analysis of 50Si·50BiF3 yields a composition of 44.4 wt. % Si, 10.5 wt. % Bi, 
11.8 wt. % BiF3 and 33.3 wt. % Bi7F11O5, pointing to retention of only 60.7 % of the initial 
fluorine. On the other hand the poorly refined single-stage milled 50Si*·50BiF3 exhibits 
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the weakest bismuth peaks and strongest BiF3 / Bi7F11O5 peaks among the three Si·BiF3 
composites. 
The XRD pattern of the composites with CoF2 show peaks corresponding to silicon 
and cobalt fluoride. No reduced cobalt is observed. The scaling of the fluoride peak 
intensity as a function of the loaded fluoride concentration is less apparent.  
6.4.2 Thermal Analysis 
The TG and their corresponding DTA traces for 50Si·50CoF2 heated in both oxidizing and 
inert environments are shown in Figure 6.4. The DTA traces for the oxidizing and inert 
runs use separate vertical scales because of difference in the heat effects observed. The TG 
trace measured in Ar (Figure 6.4A) shows a single mass loss event with the onset below 
400 °C; the total observed mass loss is close to 23% of the initial mass. Respective DTA 
trace (Figure 6.4B), shows weak features, which can be interpreted at two broad exothermic 
humps (peaks at ~ 225 and 620 °C) or a very broad exothermic feature overlaid with an 
endothermic event. To support the latter interpretation, much of the endothermic feature 
correlates with the observed mass loss.   
For TG in Ar/O2, the onset for a gradual mass gain is at ~275 °C. The mass gain is 
reversed at ~450 °C, and the maximum mass loss of ca. 8.3% is observed by 525 °C. After 
the minimum, the mass begins increasing again. The corresponding DTA trace exhibits a 
rising baseline (despite the correction applied using an empty crucible). A small exothermic 
peak is noted at 280 °C, corresponding to the onset of the mass gain. A stronger exotherm 









































Figure 6.4 (A) TG and corresponding (B) DTA traces for 50Si·50CoF2 heated at 5 K/min 
in different environments. 
The TG and DTA plots for 50Si·50BiF3 heated in different environments are 
presented in Figure 6.5. In Figure 6.5(A), the oxidative TG runs for the milled/size-reduced 
Si and 50Si*·50BiF3 are presented for comparison. No mass change is observed for the Si 
reference.  
The TG trace for 50Si·50BiF3 in Ar shows a gradual mass loss of 8.2 %. It begins 
around 150 °C and ends by 600 °C. Weak but reproducible step-like features are noted in 
the TG trace; the onset for the mass loss are marked by filled circle as labeled in  
Figure 6.5(A). The corresponding DTA plot in Figure 6.5(B), shows multiple weak peaks. 
It is possible to interpret the trace as showing a broad endothermic peak, similar to that in 
Figure 6.4. Additionally, several exothermic features are noted. The first three of these 
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features, labeled in Figure 6.5(B) correlate with the mass loss steps. The second exotherm, 
























































Figure 6.5 (A) TG and corresponding (B) DTA traces for 50Si·50BiF3 in heated at 5 K/min 
in oxidizing and inert environments. The oxidative TG runs for 50Si*·50BiF3 and milled Si 
are also shown.   
For 50Si·50BiF3 experiments in both Ar and Ar/O2 were performed at different 
heating rates. The shift of the respective mass loss and mass gain points to higher 
temperatures at greater heating rates was used to consider relevance of the respective 
reactions to ignition, as discussed below.  
In Ar/O2, the single stage milled 50Si*·50BiF3, exhibits a small mass loss (ca. 1.5 %, 
onset at 310 °C) and then mass gain, that is not complete by the end of the run. For the 
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two-stage milled composite, 50Si·50BiF3, heated in Ar/O2, the mass begins to increase at 
ca. 150 °C as marked in Figure 6.5(A). The mass is stabilized by about 320 °C. It begins 
increasing again at ~ 385 °C; the rate of mass gain increases around 600 °C. The final 
measured mass gain is 15.5%, it is not complete by the end of the run. The corresponding 
DTA curve for 50Si·50BiF3 seen in Figure 6.5(B), exhibits a rising baseline indicating a 
broad exothermic process initiated at least from 120 °C. The exothermic feature ends 
around 650 °C.  
For both oxidizing and inert environments runs for 50Si·50BiF3, partially reacted 
samples were recovered from 200, 400, and 700 °C.  
To better resolve weak processes occurring in Ar, runs with the powder mass 
increasing from 5 to  10 and to 23 mg were performed for 50Si·50BiF3. Respective TG 
traces are presented in Figure 5.6. The step-like features observed during mass loss are 
prominent for the lowest sample loading of 5 mg, for which a mass gain is also noted 
around 270 °C, which is the melting temperature of bismuth (marked in the Figure 5.6). 
When the sample was heated to a higher temperature of 1200 °C (cf. 23 mg trace), a strong 
mass loss of 33 % was observed with an onset at ~900 °C, which could only be associated 

















Figure 6.6 TG traces for different mass samples of 50Si·50BiF3 heated in Ar at 5 K/min. 
SEM images of partially reacted 50Si·50BiF3 recovered from different 
temperatures in inert and oxidizing environments are presented in Figure 6.7. The powder 
heated to 700 °C in Ar (Figure 6.7A) shows bright spherical bismuth particles studded on 
darker silicon particles. The dispersion of bismuth across silicon particles is largely 
preserved. For the sample heated to 700 °C in Ar/O2 (Figure 6.7B), elongated crystals, 
appearing to be Bi2SiO5 from EDX analysis, are observed; see the inset for details. Minor 
bright spheroidal particles rich in Bi were found decorating the surface of the darker Si-




Figure 6.7 Backscattered electron images of the two-stage milled composite 50Si·50BiF3 
heated at 5 K/min and recovered from 700°C: (A) in Ar, (B) in Ar/O2; and recovered from 
1200° in Ar (C) and (D).  
Figure 6.7(C) shows a characteristic particle heated to 1200 °C in Ar. It is porous 
and consists of several fused parts. Figure 6.7(D) provides a higher magnification image, 
presenting the surface morphology with multiple small spherical sub-micron bismuth-rich 
particles and lamellae of silicon crystal. In materials heated in both Ar and Ar/O2, EDX 




































Figure 6.8 The XRD traces of the two-stage milled composites: (A) 50Si·50BiF3 and (B) 
50Si·50CoF2 heated at 5K/min in Ar and quenched at different temperatures.    
XRD patterns for 50Si·50BiF3 and 50Si·50CoF2 heated to different temperatures in 
Ar and recovered for analysis are presented in Figure 6.8, along with the reference pattern 
for the as-milled material. The specific peaks of oxyfluoride Bi7F11O5 in the as milled 
sample have not been presented in the Figure 6.8 due to space constraints.  
Despite Ar purge, traces of oxygen were expected in these runs. For 50Si·50BiF3 
(Figure 6.8A) peaks associated to BiF3 are depressed by 200 °C. Simultaneously, 
BiF1.9O0.55 peaks [281] become dominant and Bi7F11O5 peaks from starting powder 
disappear. At 400 °C, strong peaks of Bi, Si and the fluorine containing BiOF become 
predominant. By 700 °C, peaks corresponding to fluorinated species disappear, remaining 
are peaks of Bi and Si as well as minor peaks attributed to Bi2SiO5 and Fe2Si. At 1200 °C, 
Bi peaks diminished, and peaks of Si became stronger. Patterns attributed to iron and 
chromium impurities, such as Fe2Si and Si1.07Fe0.97Cr0.01 are also noted.   
188 
 
For 50Si·50CoF2, the XRD patterns of the starting powder and of the material 
heated to 700°C in Ar are shown in Figure 6.8(B). CoF2 peaks disappear for the heated 

































Figure 6.9 XRD patterns of the two-stage milled composites (A) 50Si·50BiF3 and (B) 
50Si·50CoF2 heated at 5K/min in Ar/O2 and recovered from different temperatures.   
XRD patterns for the powders heated to different temperatures in Ar/O2 for 
50Si·50BiF3 and 50Si·50CoF2 are presented in Figure 6.9. As seen in Figure 6.9(A), the as 
milled 50Si·50BiF3 has prominent peaks of BiF3, Si, Bi and weaker peaks of Bi7F11O5. The 
material recovered from 200 °C exhibits weaker BiF3 peaks while Bi and the oxyfluoride 
BiF1.9O0.55 peaks become stronger. By 400 °C, the BiF3 peaks are absent, Si peaks diminish 
appreciably, while a new oxyfluoride species, BiOF is observed. By 700 °C, oxidized 
products, Bi2SiO5 and Bi6Cr2O15 are the primary species. Minor peaks corresponding to Si 
are observed as well.  
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The XRD patterns for as-milled 50Si·50CoF2 and that quenched at 700°C in Ar/O2 
are presented in Figure 6.9B. At 700°C, strong peaks of the oxide of cobalt, Co3O4 and 
unreacted Si are observed. 
6.4.3 Heated Filament Ignition 
High-speed video frames for all materials igniting on a heated filament are presented in 
Figure 6.10. The frames are labeled with the temperature of the filament. All prepared 
materials exhibit ignition at low temperatures well before the filament turns incandescent. 
The incandescence of particles marks the ignition in fuel-rich 50 wt. % silicon 
compositions as indicated by arrows in the respective first frames. The 50Si*·50BiF3 
composite exhibits less bright, short-lived particle streaks within an incandescent plume. 
At higher temperatures (see 584 °C) a weak secondary ignition event is observed as marked 
in the frame. 
For 50Si·50BiF3, bright smoke envelops the burning particles flying off the filament, 
as seen in frames captured above 523 °C. The 50Si·50CoF2 material ignites producing a 
bright plume with few particle streaks, which become prominent at higher wire 
temperatures (> 850 °C).  
For materials with higher fluoride content, 30Si·70BiF3 and 30Si·70CoF2, ignition 
causes luminescent plume flares. For 30Si·70BiF3, particle streaks and smoke are 
observable above 533°C. The 30Si·70CoF2 composite generates a bright plume and no 







Figure 6.10 High-speed video frames of the ignition of 50Si*·50BiF3 (heated at 2100 K/s) 
and two-stage milled materials; 50Si·50BiF3 (heated at 3800 K/s), 50Si·50CoF2 (heated at 
2100 K/s), 30Si·70BiF3 (heated at 2200 K/s) and 30Si·70CoF2 (heated at 2200 K/s), on an 
electrically heated nichrome wire. The wire temperatures are indicated.  
The measured ignition temperatures of all prepared materials are shown as a 
function of heating rates in Figure 6.11. The error bars represent the scatter in 5 runs 
performed for each targeted heating rate. All ignition temperatures increase with the 
heating rate.  
Lower ignition temperatures are measured for the materials with BiF3 compared to 
those with CoF2. The composites with 50 wt. % Si ignite consistently at lower temperatures 
compared to the composites with 30 wt. % Si. The single stage milled 50Si*·50BiF3 has a 
higher ignition temperature comparable to its two-stage milled analog, 50Si·50BiF3. The 
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secondary ignition for 50Si*·50BiF3 could only be clearly detected at lower heating rates. 
At higher heating rates, this secondary ignition could have occurred at much higher 
temperatures and was not discernable due to the bright filament emission.  



































Figure 6.11 Ignition temperature in air of the composites as a function of heating rate.  
6.4.4 Particle Combustion 
In experiments employing the laser ignition of composite particles, 50Si·50CoF2 powder 
could not be fed consistently. Conversely, 50Si·50BiF3 powder was easy to feed; thus, only 
the experimental results with this powder are presented. Attempts to ignite milled Si 
powder, which could be fed into the laser beam, were not successful. Additionally, 
condensed combustion products could not be collected for analysis, likely because of the 
substantial amounts of gaseous combustion products.    
A representative emission pulse of a laser-ignited 50Si·50BiF3 particle burning in 
air is shown in Figure 6.12. All pulses observed had single peaks with minor oscillatory 
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features. A distribution of the particle burn times is shown in Figure 6.13. It peaks at 0.43 













Figure 6.12 A representative emission pulse of a 50Si·50BiF3 particle burning in air.  
The size distribution of the aerosolized 50Si·50BiF3 particles passed through the 


























Figure 6.13 The burn time distribution for particles of 50Si·50BiF3 burning in air.   
Particle diameter, m
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Figure 6.15 Burn time- particle size correlation for 50Si·50BiF3 powder ignited in air by 
laser. For comparison, similar correlations are shown for powders of 50Al·50BiF3 [274] 
and 50B·50BiF3 [277] obtained by arrested reactive milling.  
The burn time distribution was correlated with the particle size distribution for 
50Si·50BiF3; the correlation plot is presented in Figure 6.15 along with earlier results for 
other metal-metal fluoride composites obtained using the same data processing method 
[274, 277]. Like Al and B-based composites using BiF3 as an oxidizer, 50Si·50BiF3 
composite powder particles burn rapidly, with most burn times under 1 ms. These times 
are shorter than reported burn times for Al particles of the same sizes.  
The adiabatic flame temperature and predicted mole fractions of the combustion 
products of 50Si·50CoF2 burning in air calculated by NASA CEA code [190] are presented 
in the Appendix A, Figure A2  The particle surface temperature during combustion is 
expected to be 2750 K, sufficiently high for gasifying a significant fraction of the main 




6.5.1 Material Preparation 
A single-stage milling protocol does not effectively mix the physically different fluoride 
and silicon powders. Conversely, using pre-milled silicon for the second step milling with 
metal fluorides yields well-homogenized nanocomposite powders.  
Materials with CoF2 have distinct morphological features, where the fluoride 
formed a coating on the larger silicon particles. Even with increased fluoride content, no 
loose fluoride or un-coated silicon particles were observed in 30Si·70CoF2. It is surprising 
that such a fine scale of mixing was achieved without detectable mechanochemical reaction, 
e.g., lack of reduced Co detected by XRD of as-milled powders (see Figure 6.3). The XRD 
results are consistent with the thermal analysis, Figure 6.6A. The complete reduction of 
CoF2 by silicon to form gaseous SiF4 results in a mass loss of 26%. This is close to the 
mass loss of 23 wt. % measured by TG.  
Based on XRD of the as-milled 50Si·50BiF3 showing presence of reduced bismuth 
and bismuth oxyfluorides, it was estimated that BiF3 made up only 28.5-30 wt. %, with the 
remaining 20-21.5 wt. % of BiF3 lost before or during milling. Accounting for this initial 
amount of BiF3 available in the as-milled powder, it is expected that the complete reaction 
of Si with the remaining F in the material would result in an observable mass loss of close 
to 8.9 %. This agrees reasonably with the mass loss of 8.3 % observed in TG (Figure 6.7A).  
While a smaller fraction of the fluoride reacts and is lost for the single stage milled 




6.5.2 Low-temperature Reactions 
The TG for 50Si·50BiF3 and 50Si·50CoF2 in Ar shows mass loss due to the evolution of 
SiF4, described by reaction (1). As seen in Figure 6.4, SiF4 formation in 50Si·50CoF2 
occurs in a single step between 388 and 600 °C. Conversely, for 50Si·50BiF3, the mass 
decreases gradually, with discernable stages starting from ca. 150 °C and extending to 
600 °C.  
In Ar/O2 oxidation of the reduced metal and oxidation of silicon occur parallel to 
fluorination of silicon. Both oxide formation reactions form condensed products and thus 
increase the mass. Assuming for simplicity that the fluorination occurs similarly in both Ar 
and Ar/O2 environments, the mass gain due to oxidation, ∆ , can be estimated from the 
mass difference between measurements in Ar/O2 and in Ar: 
∆ = ∆ / − ∆     (2) 
This change of mass is shown in Figure. 6.16. The mass gain due to oxidation 
consists of two components, caused by oxidation of silicon, ∆  and that of the reduced 
metal, ∆  . The value of ∆   can be estimated from the mass measured in Ar, 
assuming ∆  is entirely due to evolution of SiF4 and assuming that all the reduced metal 
oxidizes immediately when the reaction occurs in Ar/O2: 
∆ = ∆ = ∙ ∆    (3) 
Subtracting this mass from ∆  gives: 
∆ = ∆ − ∆     (4) 
Finally, the rate of Si oxidation can be obtained dividing the derivative  
∆ /  by the mass of Si remaining in the material accounting for SiF4 leaving as 
gas (Eq. 1), also based on the TG measured in Ar.  
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Processing experimental traces using Eqs. 2 and 4 yields traces for ∆ , ∆ , 
and the rate, ∆  shown in Figure 6.16. Figure 6.16(B) shows that the rate of silicon 
oxidation parallels the observed rate of oxidation in the Ar/O2 environment.  Since only as 
much Me oxide can form as MeFx has been reduced, the bulk of the observed mass gain 
represents the oxidation of Si.  The apparent negative Si oxidation rate seen for 
50Si·50CoF2 at between 450 and 500 °C suggests that the assumption that SiF4 formation 
is identical in Ar and Ar/O2 environments is not strictly true. 
For 50Si·50CoF2, Figure 6.16 suggests that oxidation of Si begins are a higher 
temperature than the corresponding SiF4 formation (cf. Figure 6.4); it also begins are a 
higher temperature than for 50Si·50BiF3, for which oxidation begins simultaneously with 
fluorination (cf. Figure 6.5). For both composites, the oxidation rate of Si increases initially 
and then becomes relatively stable over a range of temperatures. For both composites the 
low-temperature rates of heat release associated with the observed initial rate of oxidation 
of Si can be added to the rates of heat release caused by the Si fluorination occurring 
simultaneously (e.g., recovered from data in Figures 6.4 and 5 for 50Si·50CoF2 and 
50Si·50BiF3, respectively) to describe the exothermic reactions leading to ignition of such 
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Figure 6.16 The (A) oxidative mass gain and corresponding (B) silicon oxidation rate of 
two-stage milled materials 50Si·50BiF3 and 50Si·50CoF2.  
Aside of relatively small changes in the reaction rate for 50Si·50BiF3, a stepwise 
increase in the oxidation rate is observed between 530 and 600 °C. As discussed below, 
this accelerated oxidation at relatively high temperatures is unlikely to affect ignition of 
the prepared composite. For 50Si·50CoF2 the apparent oxidation rate of Si drops around 
450 °C. However, based on Figure 6.5, it can be concluded that this effect is superficial 
and simply means that the fluorination of Si accelerates rapidly at such temperatures, with 
the associated mass loss becoming stronger than mass gain due to oxidation of both Si and 
reduced Co. Indeed, after a while, the oxidation rate of Si returns to about the same level it 
was at just below 450 °C.  
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6.5.3 Reactions Leading to Ignition 
The onsets of TG features observed in both inert and oxidizing environment runs for both 
50Si·50BiF3 and 50Si·50CoF2 are plotted along with their respective heated filament 
ignition temperatures in the Kissinger plot shown in Figure 6.17. The onsets of the mass 
loss observed in Ar and mass gain in Ar/O2 for 50Si·50BiF3 nearly coincide with each other 
for different heating rates. Extrapolating the kinetic trend from the ignition data points 
down to the range of low heating rates used in thermal analysis points clearly to the onsets 
of the observed mass gain (in Ar/O2) and loss (in Ar) as reactions associated with ignition. 
As discussed above, for 50Si·50BiF3, both fluorination and oxidation of Si occur nearly 
simultaneously with both exothermic reactions contributing to igniting the material.  
The onset of mass loss observed in Ar for 50Si·50CoF2 (for which the measurement 
was only made at one heating rate) is shifted from that of the mass gain observed for this 
material heated in Ar/O2 at a lower temperature. The kinetic trend implied by the respective 
ignition temperatures lines up better with the mass loss observed in Ar, and thus it is likely 
that the ignition is mostly associated with SiF4 formation for this composite. It is 
nonetheless expected that the low-temperature oxidation of Si, once started, assists ignition. 
The apparent activation energy that can describe ignition is roughly evaluated from the 
slopes of line fits shown in Figure 6.17. These activation energies are around 62 and 140 
kJ/mol for 50Si·50BiF3 and 50Si·50CoF2, respectively. For 50Si·50BiF3, the inferred 
activation energy is comparable to that reported for fluorination of silicon wafers by 
elemental fluorine at reduced fluorine partial pressures [282].  
The higher temperature reactions are not shown but would be shifted far left in 




















Mass loss onset (Ar)
Mass gain onset (Ar/O2)
Ignition
 
Figure 6.17 Kissinger plot combining TG and DTA features and heated filament ignition 
data for two-stage milled 50Si·50BiF3 and 50Si·50CoF2.  
6.5.4 Particle Combustion 
The micron-sized silicon particles could not be initiated in the laser-assisted combustion 
experiment. Conversely, the prepared 50Si·50BiF3 composite could be readily initiated and 
burned in the time frame comparable to other reactive metal-fluoride composite powders. 
Most likely, initial fluorination of Si made it easier to initiate the reaction; however, it is 
expected that the laser energy was sufficient to rapidly heat Si particles, which did not 
sustain combustion once exposed to the room temperature air.  It is thus suggested that the 
presence of reduced or partially reduced Bi accelerates both low- and high-temperature 
heterogeneous oxidation of Si, assisting in establishing and sustaining the particle flame.  
As estimated by the CEA code (Figure A2), the high adiabatic flame temperatures 
volatilize a significant mass fraction of refractory silicon oxides formed during combustion 
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of 50Si·50CoF2. In the case of 50Si·50BiF3, the mass fraction of volatile species might be 
higher because both bismuth and bismuth oxide vaporize easily. However, once bismuth is 
oxidized in presence of a more reactive metal fuel, it is likely to be immediately reduced, 
serving as an oxygen shuttle. Thus, presence of Bi can effectively accelerate oxidation of 
Si, similarly to how it was suggested to accelerated oxidation of Al [274] and B [277]. 
When BiF3 serves as oxidizer with different fuels, including Al, B, and Si, gas phase 
products (including fluorides and oxyfluorides of the respective fuels) are favored due to 
the high combustion temperatures. At the same time, the surface reaction may be governed 
by oxidation of Bi. Respectively, similar rates of combustion, with heterogeneous surface 
reactions yielding volatile products, are expected for all such composite materials. The rate 
of such reactions is expected to be controlled by diffusion of the oxidizer (oxygen) to the 
particle surface in all cases. This reasoning can explain comparable burn times observed 
for different composites, 50Al·50BiF3, 50B·50BiF3 and 50Si·50BiF3 for similarly sized 
particles (Figure 6.15).  
6.6 Conclusion 
Preparing Si-based composites with BiF3 and CoF2 as oxidizers required a pre-milling step 
to refine the starting commercial Si powder in order to achieve nano-scale mixing between 
the material components. Preparation of well homogenized composites of Si with BiF3 
could not be achieved without partial reaction of BiF3; however, no such reaction of CoF2 
was observed. Upon heating, oxidation of Si occurs at lower temperatures than its 
fluorination when the added oxidizer is CoF2. Conversely, both oxidation and fluorination 
occur nearly simultaneously and at a lower temperature with BiF3 as an oxidizer. The 
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presence of reduced Co and Bi accelerates oxidation of Si upon its heating in oxygen-
containing environment.  
Unlike elemental Si, prepared composite powders ignite readily when placed as a 
coating on an electrically heated filament. Ignition of the composite with BiF3 as an 
oxidizer occurs at consistently lower temperatures than that of the composite with CoF2. 
Results suggest that low-temperature fluorination and oxidation cause ignition for the 
composites with BiF3 as an oxidizer; an apparent activation energy for reactions leading to 
ignition is close to 62 kJ/mol. For the composites with CoF2 as an oxidizer, it is likely that 
ignition is associated with Si fluorination.  
Prepared composite powder with BiF3 oxidizer ignited readily when passed through 
a CO2 laser beam in room temperature air. The measured particle burn times were nearly 
the same as those of similar composites combining BiF3 with such fuels as Al and B. 
Combustion products were mostly gaseous making it impossible to collect and analyze 
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7.1 Abstract 
Composite powders comprising aluminum and nickel fluoride are prepared by arrested 
reactive milling. All compositions are fuel-rich, with 50 to 90 wt-% aluminum. Adequate 
mixing between components and enhanced reactivity is achieved for up to 70 wt-% Al. 
Materials were characterized using electron microscopy, thermal analysis, as well as 
custom ignition and combustion experiments. Ignition temperatures were lower for 
powders with 50 and 70 wt-% of Al compared to pure Al.  Correlation of thermal analysis 
and ignition tests suggests that exothermic fluorination of Al with an activation energy of 
ca. 80 kJ/mol likely governs ignition at high heating rates. In air, the composites with 50 
and 70 wt % of Al burn faster than spherical aluminum with comparable particle sizes. The 
flame temperature for 50Al·NiF2 composite does not exceed the Al boiling point 
suggesting a purely heterogeneous reaction. For 70Al·NiF2 composites, higher flame 
temperatures are measured suggesting the presence of vapor-phase reactions. In constant 
volume explosion experiments, combustion of 70Al·NiF2 occurred with shortest ignition 
delays and resulted in the pressures matching or exceeding those of pure Al, while also 
essentially matching the pressures predicted for this composite by equilibrium calculations. 
The burn times observed for the composite powders injected into an air-acetylene flame 
 
 
7 The findings presented in this chapter have been published in the peer-reviewed journal, Combustion and 
Flame under the reference listing: 
Valluri, S. K., Bushiri, D., Schoenitz, M., and Dreizin, E.L., Fuel-rich aluminum-nickel fluoride 
reactive composites, Combustion and Flame, 2019, 210: p. 439-453. 
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are similar to those of pure aluminum; it is hypothesized that side reactions of NiF2 with 
CO, CO2 and H2O diminish its effectiveness as an oxidizer for Al in these environments.   
7.2 Introduction 
Extended ignition delays of aluminum powders used as fuel additives in solid propellants 
lead to particle agglomeration prior to ignition [283]; in turn, coarser particles generating 
condensed combustion products reduce the specific impulse due to two-phase losses [12, 
176, 284]. Most approaches to break-up agglomerates and improve the reactivity of 
aluminum have focused on various additives to aluminum powders. It was found that non-
reactive gas generators, such as polyethylene, reduced aluminum  agglomeration 
substantially [285]. Additives containing fluorine designed to serve as both oxidizer and 
gas generator were also considered. The use of polymeric sources of fluorine such as 
polytetrafluoroethylene (PTFE), improved the reactivity [88, 132] while simultaneously 
generating gases to reduce agglomeration [80]. Alternatively, metal fluorides were 
proposed as dual-function additives capable of generating volatile combustion products as 
well as improving reactivity by oxidizing aluminum directly. Recent work on aluminum-
rich reactive composites with metal fluoride oxidizers prepared by Arrested Reactive 
Milling (ARM) [59] identified low temperature reactions leading to oxidation and ignition. 
The prepared composites included Al·CoF2 and Al·BiF3 with aluminum/fluoride mass ratio 
of 1:1. Both materials showed improved reactivity and low ignition temperatures of ca. 
450 °C. At the same time, the composites were insensitive to ignition by electro-static 
discharge [59].  
In this work, further extending the range of aluminum/metal fluoride composite 
reactive materials, NiF2 was considered as a relatively stable fluorinated oxidizer. Its 
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chemical properties are expected to be similar to those of CoF2. The compositions prepared 
and explored contained 50, 70 and 90 wt. % of aluminum with the rest being NiF2.  Both 
ignition and combustion of the prepared composites were studied experimentally and the 
results are described here.  
7.3 Experiments 
7.3.1 Preparation of Al·NiF2 Composite Powders 
Composite powders were prepared by ARM using a SPEX CertiPrep 8000 series shaker 
mill. Starting materials were -325 mesh, 99.95% pure aluminum and 99% pure anhydrous 
nickel (II) fluoride powders, both by Alfa Aesar. Table 7.1 summarizes the equivalence 
ratio and mole fraction of fluoride for the chosen compositions considered as analogs of 
aluminum-based thermites with NiF2 oxidizer. The equivalence ratio is for the aluminum 
fluorination reaction.  
Table 7.1 Composite Materials Prepared 
Designation Mass fraction of 
aluminum, % 
Mole fraction of 
nickel fluoride, % 
Equivalence ratio of 
Al to NiF2 
90Al·NiF2 90 3 47 
70Al·NiF2 70 10.7 12.5 
50Al·NiF2 50 21.8 5.3 
Steel milling jars and hardened steel balls of 9.525 mm (3/8”) diameter were used. 
The milling times were 15, 30, 45 and 60 min for ball to powder mass ratios (BPR) of 5. 
Milling times of 15, 30 and 60 min were used with BPR 10. Initial runs without a process 
control agent (PCA) resulted in a partially reacted powder. Both hexane and acetonitrile 
were explored as PCAs. Acetonitrile was found to be reactive towards nickel fluoride and 
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thus abandoned. All further samples were prepared using 4 ml of hexane as PCA. The vials 
were loaded and sealed under argon.  
Preliminarily sample reactivity was assessed by placing 10-20 mg of powder on a 
ventilated filter paper and lighting the paper to observe the composite burn. All samples 
milled at BPR=10 for 60 min were found unreactive and were discarded. For other samples, 
down selection was guided by heated wire ignition tests as described below. All milled 
powders were passivated in an argon-filled glovebox (where oxygen was present at a low 
partial pressure) for 24 hours and then stored in glass vials under hexane at room 
temperature. 
To consider possible reactions between the surface alumina and fluoride, a separate 
composite was prepared using 50 wt % of nano-crystalline α-alumina (Inframat Advanced 
Materials, 99.99%), designated 50Al2O3·NiF2. The milling parameters were the same as 
for 50Al·NiF2 (milling time 30 min, BPR=10). 
7.3.2 Material Characterization 
Samples were examined using a LEO 1530 field emission scanning electron microscope 
(SEM). Cross-sections were prepared by polishing particles embedded in epoxy. Elemental 
compositions were assessed by energy-dispersive X-ray spectroscopy (EDX). Phase 
composition was assessed by X-ray diffraction (XRD) using a PANalytical Empyrean 
multipurpose research x-ray diffractometer operated at 45 kV and 40 mA, using unfiltered 
Cu Kα radiation.  
Particle size distributions were determined using SEM image analysis for the 
purpose of correlating particle size and burn time, as discussed below. Materials were 
further characterized using differential scanning calorimetry (DSC)/differential thermal 
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analysis (DTA) and thermogravimetry (TG) using a Netzsch Thermal Analyzer STA409PG. 
Heating rates of 1, 2 and 5 K/min were run in both aerobic and anaerobic conditions. 
Aerobic runs were performed with oxygen (99.994% pure from Airgas) and argon 
(99.998 % pure from Airgas) flown at 50 ml/min each. The anaerobic runs employed only 
argon flown at 50 ml/min. After the end of each run, the temperature program was repeated 
without disturbing the sample. The resulting second heating TG and DSC or DTA signals 
served as baselines. Sample masses of 5 – 10 mg and 15 – 20 mg were used in the aerobic 
and anaerobic runs, respectively. DSC measurements were recorded for aerobic runs while 
DTA was used for anaerobic runs. Based on features observed in DSC/DTA/TG traces, 
samples were quenched at selected temperatures and analyzed using XRD.  
7.3.3 Particle Combustion Experiments 
Combustion of selected samples was studied in and in the CO/CO2/H2O combustion 
products of a premixed air-acetylene flame.  Samples burning in air were ignited by a CO2 
laser.  In both cases, the particles were fed through a 2.39 mm internal diameter brass tube 
by a custom screw-feeder (see [201, 250] for details) and aerosolized by a gas flow. 
Approximately 0.1 g of powder was loaded for each run; the feed rate was ca. 0.11 mg/min.  
In the experiment employing laser ignition, the particles were fed by air flown at 
0.68 L/min. The particles exited the brass tube and moved about 2 mm up to the focal point 
of the beam generated by Synrad Evolution 125 sealed CO2 laser.  The beam was focused 
to ca. 250 µm by a ZnSe lens. The laser was operated at 37.5 W, 30% of its maximum 
power, which reliably ignited powder particles. The ignited particles continued moving 
vertically up, combusting in air. Further details may be found elsewhere [202]. 
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The experiment involving the hydrocarbon flame consisted of a central tube 
through which the particle aerosol was fed, and an annular nozzle providing the premixed 
combustible gases.  Air and acetylene were fed at respective rates of 4.72 and 0.64 L/min. 
The resulting flame’s equivalence ratio was 1.62.  The particles were aerosolized and 
carried into the flame using nitrogen at 0.94 L/min. Further details of the experiment may 
be found elsewhere [251]. 
Emission of burning particles was recorded with Hamamatsu R3896-03 
photomultiplier tubes (PMTs) equipped with 700 and 800-nm interference filters. Light 
was transmitted to the PMTs through a bifurcated fiber optic cable. For the experiments 
with the hydrocarbon flame, the input window of the fiber optics was fixed 5 cm above the 
feeder nozzle and 24 cm away from it. The field of view for particle streaks was ca. 1 to 
10 cm above the burner. In laser assisted combustion experiments, the input window was 
on the level of the feeder nozzle and 16 cm away. The field of view was limited to 4 cm 
above the nozzle.  
The width/time duration of pulses in the PMT outputs were interpreted as burn 
times. Color temperatures were obtained assuming particles to behave as gray body 
emitters and using the calibration of the PMT signals against a tungsten lamp. The signals 
were acquired through a 16-bit PCI-6123 National Instruments board and processed using 
LabView software. The acquisition rate was 100,000 samples per second for an 8-second 
window constituting a run. Several such runs were collected and processed to collect 
sufficient number of pulses, representing burning particles. The pulses that overlapped in 
time or had poorly defined baselines (which could be caused by interference from multiple 
particles burning in the field of view) were removed. The widths of the pulses representing 
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combustion of individual particles were binned to produce histograms of the measured burn 
times. At least 500 peaks were processed for the experiment involving laser-initiated 
combustion in air, and at least 400 peaks were processed for particles injected in the flame.  
Measured burn time histograms were correlated with particle size distributions. It 
was assumed that smaller particles had shorter burn times. The details of this approach 
were discussed elsewhere [204, 205]. 
To account for possible particle size classification caused by the powder feeder, 
samples of aerosolized particles exiting the nozzle were collected on adhesive carbon tapes 
mounted on SEM stubs placed approximately 25 and 40 mm above the nozzle for the 
experiments using laser ignition and powders injected in the flame, respectively.  For these 
tests, the laser was not turned on and the flame was not ignited.  The gas flow and powder 
feed rates were the same as in the actual experiments. In some cases, the stubs were 
electrically charged to 1 kV to enhance the particle collection via electrophoresis. The 
particles were collected for 15 s. The collected powder samples were imaged using the 
SEM at different magnifications to capture particles with a broad size distribution. The 
captured images were analyzed using ImageJ software to obtain particle sizes at each 
magnification. The distributions at different magnifications were stitched together to 
produce the particle size distributions representative of the powders aerosolized for each 
carrier gas type and flow rate [204]. 
7.3.4 Ignition Experiments 
The ignition temperatures were measured in air at heating rates of 103 – 104 K/s. The 
ignition was detected from the optical emission of powder particles coated onto a 0.5-mm 
diameter electrically heated nickel-chromium wire. This technique was extensively used 
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previously, e.g., [183, 184, 286, 287]. The heating rate of the wire was controlled by the 
applied DC voltage produced using one, two, or three 12-V batteries connected in series. 
Additional control was enabled by a rheostat connected in series with the heated wire. The 
powder was painted onto the wire as a slurry in hexane. Before the experiment, hexane was 
allowed to dry. A very thin layer of powder, close to a monolayer, remained on the wire 
surface. A custom-built pyrometer comprising a germanium switchable gain detector 
(PDA30B2 by Thorlabs) fitted with a fiber optics cable leading to a lens, was focused on 
an uncoated section of the wire.  The pyrometer recorded the temperature of the wire as a 
function of time. Simultaneously, a high-speed camera, MotionPro 500 by Redlake, was 
used to identify the instant of the powder ignition. The pyrometer was calibrated using a 
black body (BB-4A by Omega Engineering).  
In separate ignition experiments, particles were fed in air through a CO2 laser beam, 
following the methodology discussed earlier [202]. In this case, higher heating rates of ca. 
106 K/s were achieved. The same laser and powder feeder as employed in combustion 
experiments were used. The power of the laser was slowly increased until incandescent 
burning particles were observed. Thus, the threshold energy required for particle ignition 
in air was determined. 
7.3.5 Aerosol Combustion Tests 
Particles were aerosolized in a 9.2-L stainless steel vessel, and ignited at the center.  An air 
blast dispersed the powder into the initially evacuated vessel via a 15-mm diameter hemi-
spherical nozzle with 31 holes of 0.25 mm diameter. Blast pressure and timing were 
selected so that the pressure in the vessel prior to ignition was 1 atm.  The ignition source 
was a coiled, 0.2 mm diameter, 10 cm long tungsten wire, heated by current from a 
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130,000-μF capacitor charged to ~68 V.  Ignition was triggered 300 ms after the air blast 
to reduce turbulent flow patterns. Pressure was recorded using a PX5500 Omegadyne 
transducer connected to a DS1054Z 4-channel 50-MHz oscilloscope. Following earlier 
work focused on aluminum powder combustion [288], 4.65 g of powder were used. In 
some experiments, the mass of the loaded composite powder was increased to 4.65 g of 
aluminum (with added NiF2). Reference experiments were performed with 4.65 g of 
spherical aluminum powder (5 µm nominal size, H5 by Valimet). Further details of the 
experimental setup are available from Refs. [288, 289].  
7.4 Result 
7.4.1 Heated Wire Ignition Experiments 
An initial set of experiments was aimed to identify specific milling conditions for each 
material composition. This selection was based on achieving the lowest ignition 
temperature in the heated wire test. One and two batteries were used yielding heating rates 
in the range of 3000 – 15000 K/s. The ignition temperatures increased with the heating rate. 
For direct comparison, for each material the data were fitted by a straight line for ignition 
temperature vs. heating rate. The ignition temperature interpolated to 6000 K/s were 
compared for different samples plotted against the milling dose, as shown in Figure 7.1. 
Milling dose is proportional to the total energy transferred by the milling media to unit 
mass of the powder. Following previous work [131], [128], milling dose is obtained here 
as the product of milling time and BPR.  
The ignition temperatures of 90Al·NiF2 composites increase with milling dose. This 
effect was unexpected and suggested poor refinement for this composition. Ignition 
temperatures as a function of the heating rate for this material milled for 15 min at BPR=5 
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are shown in Figure 7.2. They are substantially higher than the temperatures for other 
composites.  
For both 50Al·NiF2 and 70Al·NiF2, the increased milling dose led to lower ignition 
temperatures, as expected due to a better structural refinement. Samples circled in Figure 
7.1, prepared using a milling dose of 300 min for the composites with 50 and 70 wt. % of 
aluminum (referred henceforth as 50Al·NiF2 and 70Al·NiF2 respectively), and a milling 
dose of 75 min for the 90 wt. % aluminum composite (90Al·NiF2), were selected for further 
experiments.  
Milling dose Dm, min

































Figure 7.1 Ignition temperatures of different Al·NiF2 composites as a function of milling 
dose at the interpolated heating rate of 6000 K/s. Samples down-selected for further 
experiments are circled.  
Ignition temperatures of the down-selected samples are shown in Figure 7.2 as a 
function of the heating rate obtained with one, two, and three batteries. Relatively low 
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ignition temperatures close to each other were obtained for 70Al·NiF2 and 50Al·NiF2. 
These two materials were used in further experiments.   
Heating rate, K/s








































Figure 7.2 Ignition temperatures for 90Al·NiF2, 70Al·NiF2, and 50Al·NiF2 as a function 
of the heating rate measured in the heated wire experiment.  
7.4.2 Laser Ignition Experiments 
The absorption efficiency of the laser beam by powder particles is a strong function of the 
particle size.  For the CO2 laser, the energy is absorbed most effectively by particles with 
diameter close to 3.37 μm  [202]. This allows for direct comparison of the prepared 
composites with spherical aluminum of comparable size. Table 7.2 summarizes the 
minimum threshold energies required to ignite spherical aluminum, 70Al·NiF2 and 
50Al·NiF2 powders. Both composite powders ignited at lower laser energies as compared 
to aluminum.  
Assuming the igniting particle size to be 3.37 µm for each material, the 
temperatures attained by such particles heated by the laser beam were estimated accounting 
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for the laser beam absorption efficiency (following Ref. [202]) and for the differences in 
the particle compositions. The absorption efficiency of NiF2 could not be found; as an 
approximation, the absorption efficiency for SrF2 [290] was used. As for other metal 
fluorides [290], the absorption efficiency used in these estimates was noticeably higher 
than that of pure Al. The effect of temperature on absorption efficiency is significant for 
aluminum [202]; a similar increase in the absorption efficiency with temperature was 
assumed to occur for the composite particles. Because no data was found for NiF2 heat 
capacity, it was assumed to be similar to that of crystalline FeF2 [291]. In agreement with 
the measured laser beam threshold energies, the estimated temperatures achieved by the 
laser-heated particles about to ignite are substantially lower for the composite particles than 
for pure Al.  In all cases, the calculations only considered heating the particles crossing the 
laser beam and did not account for the heat losses; thus the ignition temperatures could be 
overestimated. For example, in Ref. [202], where calculations for pure Al particles account 
for heat losses, the temperature at which ignition occurs is close to 2000 K, i.e., about 200 
K lower than shown in Table 7.2.  
Table 7.2 The CO2 Laser Beam Energy Required to Ignite Aerosolized Particles in Air. 




Spherical Al 12.1 2203 
70Al·NiF2 6.0± 0.3 1737 
50Al·NiF2 2.4 ± 0.1 824 
*approximate estimates, see text for details 
7.4.3 Powder Particle Morphology and Composition 
SEM images of composites 70Al·NiF2 and 50Al·NiF2 are shown in Figure 7.3. There is no 
clearly visible phase contrast in these images acquired using backscattered electrons. 
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Similarly, no phase contrast was detected in the cross-sections of the same materials (not 
shown). The powder particles have broad size ranges and appear roughly equiaxial. EDX 
confirms uniform distribution of Ni and F in all particles. Images for 90Al·NiF2 were 
omitted for brevity; they show formation of large (~ 100 µm) flakes rather than composite 
particles.  
 
Figure 7.3 SEM images of milled composites: (A) 70Al·NiF2 (B) 50Al·NiF2 
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Figure 7.4 XRD traces for freshly milled 70Al·NiF2 and 50Al·NiF2 composites.  
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XRD patterns for 70Al·NiF2 and 50Al·NiF2 composites are presented in Figure 7.4. 
Most peaks are readily assigned to starting components, Al and NiF2. For 50Al·NiF2, a 
small amount of AlF3 is formed. No reaction products are detected for 70Al·NiF2.  
7.4.4 Particle Size Distribution 
For aerosolized powders, all size distributions appear bimodal. For both powders, the 
coarser and finer fractions shifted right and left, respectively, suggesting that both further 
agglomeration and de-agglomeration occurred when powders passed through the feeder. 
Differences in the particle size distributions observed for the same powders are caused by 
variation in the gas flowrates used in different experiments. Each bimodal distribution was 
fit by a pair of log-normal functions shown as solid lines in Figure 7.5. These fits were 
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Figure 7.5 The powder particle size distributions obtained for 50Al·NiF2 and 70Al·NiF2 
composites using SEM image processing for powders fed into the laser beam (middle) 
and into the flame (bottom).  
7.4.5 Thermal Analysis 
DSC and TG measurements performed in aerobic conditions with 50Al2O3·NiF2 heated up 
to 773 K (500 °C) showed no detectable reaction between nickel fluoride and aluminum 
oxide. Only a small mass loss due to dehydration of the powders was observed. Samples 
collected after the experiments were analyzed by XRD confirming no change in the 
material composition.  
DSC, DTA, and TG traces for 50Al·NiF2 and 70Al·NiF2 heated in both aerobic and 
anaerobic experiments are shown in Figure 7.6.  The aerobic run’s TG traces are presented 
in Figure 7.6(A) while their corresponding DSC signals are presented in Figure 7.6(B). 
DTA traces for anaerobic runs are shown in Figure 7.6(C). Because only minor mass losses 
of less than 1% were observed in the anaerobic runs, the respective TG traces are omitted.  
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Several distinct exothermic events are observed in the aerobic DSC traces for both 
materials (Figure 7.6B), which correlate with mass gain steps that can be noted in the 
respective TG traces (Figure 7.6A). Three major exotherms are common to both 50Al·NiF2 
and 70Al·NiF2, while a fourth exotherm around 740 °C along with the corresponding mass 
gain step are only observed for 50Al·NiF2. For 70Al·NiF2, the first two exotherms are 
shifted to slightly lower temperatures than for 50Al·NiF2. For both samples, an 
endothermic event is superimposed on the 3rd exotherm at 636 °C. Vertical dashed lines in 
Figure 7.6(A) and (B) show the temperatures, at which the partially reacted samples of 
50Al·NiF2 were recovered for further composition analysis. 
The anaerobic DTA traces shown in Figure 7.6(C) show that the low-temperature 
exothermic processes begin in a very similar fashion to that observed for aerobic conditions 
for both samples. However, for both samples the first exothermic peak overlaps with the 
subsequent broad exothermic feature, occurring around 300 – 310 °C and not observed in 
aerobic experiments. For 50Al·NiF2, the second exothermic process begins before the first 
peak is observed. Further for 50Al·NiF2, another exothermic peak is observed around 
350 °C. For both materials, yet another exotherm is observed close to 460 °C, a higher 















































Figure 7.6 TG, DSC, and DTA traces for 50Al·NiF2 and 70Al·NiF2, heated in aerobic and 
anaerobic environments at 5 K/min; (A) Aerobic TG (B) Aerobic DSC and (C) Anaerobic 
DTA.   
7.4.6 Compositional Analysis of Partially Reacted Samples 
XRD patterns for partially reacted 50Al·NiF2 samples recovered from aerobic DSC/TG 
runs at 305, 500, 690 and 800 °C are presented in Figure 7.7 along with that for as prepared 
sample (cf. Figure 7.4) for comparison. The patterns are offset vertically for clarity. 
Compared to as-prepared material, the sample collected after the 1st exotherm at 305 °C, 
exhibits a reduction in the peaks of NiF2. The next quenched sample collected at 500°C, 
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after the 2nd exotherm, shows that the NiF2 phase is completely consumed, while AlF3 
peaks begin to intensify. Also, peaks of NiO and Al3Ni are observed. The aluminum peaks 
diminish in intensity as the AlF3 peaks strengthen in samples quenched at higher 
temperatures. At 690 and 800 °C, the quenched samples exhibit strong NiO and AlF3 peaks. 
The other phases observed are Al3Ni, Al and Al2O3. The XRD trace at 800°C also exhibits 
an amorphous phase as seen by the diffused hump at ~17°.  
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Quenched samples of 50Al·NiF2
 
Figure 7.7 XRD patterns for 50Al·NiF2 recovered from aerobic DSC/TG runs at different 
temperatures; the pattern for as milled material is shown for comparison.  
Figure 7.8 shows the XRD patterns for 70Al·NiF2 samples collected by the end of 
both aerobic and anaerobic runs along with that for as milled material added for comparison. 
The sample collected at the end of the aerobic run at 800 °C has diminished peaks of Al 
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and strong peaks of AlF3 and Al3Ni. In addition, peaks of NiO are detected. For anaerobic 
run, the amplitude of Al3Ni peaks increases substantially. The amplitude of AlF3 peaks also 
increases compared to the aerobic run.  
Anaerobic 
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Figure 7.8 XRD patterns for 70Al·NiF2 recovered at the end of the aerobic and anaerobic 
DSC and DTA runs. A pattern for as prepared material is shown for comparison. 
7.4.7 Particle Combustion Experiments 
Representative pulses illustrating emission of burning particles for both composite 
materials are shown in Figure 7.9. Pulse durations and respective time scales are different 
for the experiments involving particle combustion in air and in the products of a 
hydrocarbon flame. The pulse durations are much shorter for particles burning in air. Note 
also that the baseline level for the pulses representing particles burning in the flame is much 
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greater than zero, suggesting an additional contribution of the flame emission. The 
oscillatory features characteristic to aluminum particles ignited by the laser beam and 
burning in air [292] are much less pronounced for these composites. The oscillations are 
more noticeable for 70Al·NiF2 particles.  
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Figure 7.9 Representative pulses recorded by the PMT filtered at 700 nm for 70Al·NiF2 
and 50Al·NiF2 composite particles burning in air and in the products of the hydrocarbon 
flame.  
Histograms of the measured burn times determined as durations of single pulses 
recorded by the PMT filtered at 700 nm are shown in Figure 7.10. A lognormal fit is shown 
for each histogram. In agreement with pulse durations shown in Figure 7.9, particles 
burning in air have much shorter burn times than those burning in the products of a 
hydrocarbon flame. In air, the burn times of 70Al·NiF2 particles are slightly shorter than 
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those of 50Al·NiF2. No such shift is noted for composites injected into the hydrocarbon 
flame; however, in this case the particle burn time distribution for 70Al·NiF2 is broader.    
Correlations between particle sizes and burn times obtained using data shown in 
Figures. 7.5 and 10, respectively, are shown in Figure 7.11.  For comparison, similar 
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Figure 7.10 Particle burn time distributions for 70Al·NiF2 and 50Al·NiF2 in both air and 








































Figure 7.11 Particle size – burn time correlations for powders of 50Al·NiF2, 70Al·NiF2, 
and aluminum burning in air and combustion products of a hydrocarbon flame. Data for 
aluminum are from Refs. [201, 207].  
In air, burn times for all powders are quite short while both 50Al·NiF2 and 
70Al·NiF2 powders burn faster than aluminum. Despite a higher concentration of 
aluminum, 70Al·NiF2 particles burn faster than those of 50Al·NiF2. The effect of particle 
size on burn time is slightly weaker for the composite powders than for pure aluminum.   
In the combustion products of a hydrocarbon flame, all burn times are longer and 
the difference between the materials is less significant. The burn times of aluminum and 
50Al·NiF2 particles are very close to each other across the range of particle sizes. For 
70Al·NiF2, the apparent effect of particle size on the burn time is stronger, so that particles 
smaller and larger than ca. 3 μm burn, respectively, faster or slower than particles of either 
50Al·NiF2 or aluminum.  
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Two filtered emission traces were processed to recover the color temperature for 
each recorded emission pulse corresponding to combustion of a single particle. The values 
of obtained temperatures were averaged for the portion of the emission pulse when the 
emission intensity exceeded half of its peak value. Thus, an average temperature was 
assigned to each emission pulse. These measurements were only possible for experiments 
performed in air; the background radiation produced by the air-acetylene flame was 
comparable to the particle signal making it impossible to recover the color temperatures. 
The statistical distributions of the particle combustion temperatures measured in air are 
shown in Figure 7.12 for 50Al·NiF2 and 70Al·NiF2 powders. For reference, the 
sublimation/boiling points of relevant species and calculated adiabatic flame temperatures 
are also shown (see Appendix A, Fig A3 for details on these calculations using NASA CEA 
code [293]). The combustion temperature distribution for 50Al·NiF2 is narrow; its average 
temperature of 2420 K is much lower than the predicted adiabatic flame temperature but is 
very close to the boiling point for Al. This suggests that the reaction occurs primarily on 
the surface of the heated particle with negligible gas phase reactions. A significantly higher 
average temperature of 3030 K is obtained for 70Al·NiF2 particles. The distribution of 
temperatures is broader in the latter case with the upper tail matching the adiabatic flame 
temperature of 3450 K. Still, most particles burn at lower temperatures, suggesting that 
surface and vapor-phase reactions are combined. All measured temperatures significantly 
exceed the sublimation temperature of AlF3 supporting that most formed fluorinated 



























Figure 7.12 Combustion temperatures of particles of 50Al·NiF2 and 70Al·NiF2 burning in 
air.   
7.4.8 Combustion of Aerosolized Particle Dust Cloud 
The characteristic pressure traces for the samples exploded in the bomb vessel have been 
collated along with their corresponding rate of pressure change traces in Figures. 7.13(A) 
and (B) respectively. The pressure plots are all normalized by the pre-ignition pressure, P0 
to take into consideration minor differences in the actual initial pressure from the target 
pressure of 1 atm. From Figure 7.14(A), it can be seen that for the samples loaded with the 
same total mass of 4.65 g (solid lines), aluminum exhibits a higher maximum pressure 
(Pmax/P0 =6.4) as compared to 70Al·NiF2 (Pmax/P0 =5.14). The maximum pressure is 
achieved ca. 20 ms faster for aluminum than for 70Al·NiF2 sample. However, for 
70Al·NiF2 sample with a higher total mass load of 6.6 g, selected to match the total 
available aluminum mass of 4.65 g (shown by a blue dashed line), the maximum pressure 
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observed is greater than for pure aluminum (Pmax/P0 =9.78). The pressure trace for the 
higher load 70Al·NiF2 sample, peaks about 7 ms faster than that for pure aluminum. The 
pressurization for both loadings of 70Al·NiF2 samples begin sooner than for the reference 
aluminum powder. The rate of pressurization, on the other hand, increases with the sample 
total load. A similarly loaded 50Al·NiF2 sample with a total mass of 9.3 g (containing 4.65 
g of Al), shows a pressurization rate comparable to 70Al·NiF2. However, it ignites after a 
substantial delay, as evident from Figure 7.14(B) and generates a lower maximum pressure 
(Pmax/P0= 6.14).  
A summary of CVE results is presented in Figure 7.14 as bar plots. The standard 
deviations for the measured values are shown as respective error bars. The bars shown 
against a solidly colored background represent runs performed with the total mass loads of 
4.65 g. The bars shown against white background represent experiments with the aluminum 
load of 4.65 g and thus higher total mass loads for the composites. For the values of Pmax/Po, 
(Figure 7.14A) filled bars show experimental data and broader open bars show respective 
predictions for the adiabatic conditions obtained using NASA CEA code [293]. The 
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Figure 7.13 The pressure traces and corresponding rate of pressure change traces for 
70Al·NiF2 and 50Al·NiF2 samples along with the reference, 5 μm-sized spherical 
aluminum powder, for CVE experiments in air.  
For aluminum, predicted maximum pressure is noticeably greater than the 
measured pressure. For 4.65 g load of 70Al·NiF2, both the maximum predicted pressure 
and adiabatic flame temperature are noticeably lower than for aluminum; however, the 
measured pressure nearly matches the predicted value. As a result, the measured pressure 
for 70Al·NiF2 is only slightly lower than that for Al. When the mass of composite load 
increases to achieve the total of 4.65 g of Al, the predicted maximum pressures increase 
accordingly and the adiabatic flame temperatures are close to those for pure Al. For 
70Al·NiF2, the predicted pressure almost matches that predicted for pure Al. Once again, 
for this material, the measured pressure is very close to that predicted; it is now noticeably 
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higher than that for pure Al. The predicted pressure increases further for 50Al·NiF2; 
however, the measured pressure is quite a bit lower than predicted, and is slightly lower 
than for pure Al.  
Error bars are not visible in Figure 7.14(B) for pure Al because pressurization rates 
were very consistent between different runs. Conversely, a rather significant variation in 
the rate of pressure rise was observed in experiments with composite powders. Although 
the average values for the maximum rates of pressure rise for composite materials are 
somewhat lower than for Al, in selected runs with the Al mass of 4.65 g, the rates of 

































































Figure 7.14 Average combustion characteristics obtained from experimental CVE traces 
for 70Al·NiF2 and 50Al·NiF2 samples along with the reference, 5 μm-sized spherical 
aluminum powder: (A) Corrected experimental maximum pressures along with theoretical 
maximum pressures and adiabatic temperatures. (B) Pressurization rates of the samples. 
(C) Ignition delays.  
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The ignition delays defined as the time duration between the ignitor initiation and 
the peak of pressure rise are presented in Figure 7.14C. For 70Al·NiF2, the ignition delays 
are close to those of pure Al when the total mass is 4.65 g; the delays are reduced for the 
mass load containing 4.65 g of Al.  Longer delays are observed for 50Al·NiF2 sample. 
7.5 Discussion 
7.5.1 Thermally Activated Reactions 
The samples of different compositions, both have similar reaction sequences, with 
fluorination being the first low-temperature reaction in both aerobic and anaerobic 
conditions. The driving mechanism for fluorination is generally expected to be catalytic 
degradation of the fluoride oxidizer made possible by hydrolyzed alumina surface in the 
case of polymeric fluorinating agents. The fluorides themselves are not expected to 
decompose at temperatures below 800 °C. The reaction between alumina and fluoride 
oxidizers to form aluminum fluoride is also thermodynamically not feasible. Experiments 
with composites made from alumina and NiF2, confirm that the degradation of the fluoride 
cannot be initiated by alumina/surface hydroxyl groups. This suggests that the low 
temperature reactions are not governed by alumina assisted degradation of the fluoride but 
rather by the diffusion of reactive species, aluminum and fluoride oxidizer towards one 
another.  
This low-temperature consumption of nickel fluoride is fast and complete by 
500 °C, by the end of the 2nd exotherm (Figures. 7.6 and 7.7). The formation of crystalline 
aluminum fluoride does not occur simultaneously, but rather is spread over a broad 
temperature range (Figures. 7.7 and 7.8). The presence of fluorine in the system may be in 
the form of amorphous aluminum fluoride or a transitional state functioning as a precursor 
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to the tri-fluoride species. A similar delay in formation of aluminum fluoride has been 
observed recently for other aluminum-metal fluoride composites; 50Al·CoF2 and 
50Al·BiF3 [59] along with PTFE composites 70 wt.% Al-PTFE [132]. The sustained low 
temperature weight gain (Figure 7.6) points to the oxidation of aluminum and possible 
oxidation of the reduced nickel. The oxidation mechanism found in previous metal fluoride 
composites of CoF2 and BiF3, could be applicable in the Al·NiF2 composites prepared. It 
was proposed that the reduced metal in the metal fluoride was to oxidize and act as an 
oxygen shuttle for aluminum in a thermitic reaction, leading to a low-temperature mass 
gain [59]. The reaction of aluminum with nickel remains minor and does not consume 
substantial amount of available aluminum. In the case of 50Al·NiF2 composite, the high 
temperature exotherm and associated weight gain (4th exotherm) in Figure 7.7 could 
possibly be the oxidation of the Al-Ni alloy formed at lower temperatures.  
7.5.2 Reactions Leading to Ignition 
The data obtained from aerobic and anaerobic runs (for the heating rates, 1, 2 and 5 K/min, 
Figure 7.6) of 50Al·NiF2, were processed using a model-free isoconversional method 
proposed by Vyazovkin [188]. The results are shown in Figure 7.15, along with the 
respective DSC/DTA curves for reference. A nearly constant activation energy of about 80 
kJ/mol is observed for low-temperature anaerobic reactions corresponding to the first 
observed exothermic feature in the respective DTA trace. The activation energy increases 
markedly, exceeding 200 kJ/mol when the temperature exceeds ca. 250 °C and when the 
second exothermic event occurs. However, the activation energy does not remain constant, 
suggesting that multiple reactions are overlapping at elevated temperatures.   
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For aerobic reactions, although the first exothermic event seen in the respective 
DSC trace occurs at almost the same temperatures as for anaerobic reactions, the respective 
activation energy no longer exhibits a plateau. Instead, the value of activation energy 
obtained by processing DSC traces recorded at different heating rates increases with 
temperature, suggesting parallel reactions that cannot be described by a simple kinetic 
model. A general increase in the activation energy as a function of temperature is observed; 
however, no clearly detectable plateau could be identified.  
Temperature, °C














































Figure 7.15 Activation energy as a function of temperature for reactions occurring in 
50Al·NiF2 composite heated at 5K/min; reference DSC/DTA measurements acquired at the 
same heating rate are presented.  
A possibility to correlate the reaction kinetics from DSC and DTA measurements 
with the ignition temperatures observed in this work (Figure 7.2 and Table 7.2) is explored 
in Figure 7.16. The inverse temperatures for detected exothermic events for both aerobic 
and anaerobic DSC/DTA experiments are shown along with those measured in the heated 
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wire ignition experiments as a function of heating rate, , using a Kissinger plot. 
Additionally, ignition temperatures estimated for the laser ignition tests are shown. All 
points fit into three separate shaded regions in the plot corresponding to the experiments 
with markedly different heating rates: thermal analysis, heated wire ignition, and laser 
ignition. The laser ignition temperatures taken from estimates shown in Table 7.2 are least 
accurate because of the assumptions used.  
A straight dashed line in Figure 7.16 is a fit obtained for data describing both first 
anaerobic exotherm and heated wire ignition experiment for 50Al·NiF2. Interestingly, it 
corresponds to an activation energy of ca. 85 kJ/mol, correlating very well with the 
activation energy plateau observed at low temperatures for anaerobic reactions in Figure 
7.15. Thus, it is reasonable to suggest that such low-temperature reactions (of aluminum 
fluorination) govern ignition of the prepared composite powders at high heating rates. 
Subsequent exothermic reactions observed in DTA experiments may thus be irrelevant for 
ignition.  
Although ignition experiments are performed in oxidizing environments, the 
oxygen transport from the gas to surface of the igniting particles is a relatively slow process 
compared to the heterogeneous reaction between Al and NiF2 occurring in the 
nanocomposite particles. For low heating rate aerobic DSC experiments, when temperature 
increases very slowly, the gas phase oxygen transport is not rate limiting so that oxidation 
reactions interfere with the aluminum fluorination. However, that interference is 
diminished when the sample is heated rapidly so that the heterogeneous reactions in the 
heated particles are less affected by the gas phase transport of oxygen to the particle surface. 
Thus, it is not surprising that the kinetics observed in anaerobic thermo-analytical 
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experiments and representing such heterogeneous reactions between Al and NiF2 are found 
to also govern ignition.  
The temperature estimated from laser ignition experiments for 50Al·NiF2 is lower 
than would be expected based on the correlation between DTA and heated wire ignition 
experiments. However, as noted earlier, this temperature is estimated making multiple 
assumptions. For example, a slightly lower absorption efficiency could lead to a 





























Figure 7.16 Kissinger plots with data from DSC/DTA for aerobic and anaerobic runs of 
50Al·NiF2 sample, along with the heated wire ignition data for both 50Al·NiF2 and 
70Al·NiF2 samples. 
7.5.3 Particle Combustion Rate 
Results from Figure 7.11 describing rates of particle combustion in air and in products of 
an air-acetylene flame are summarized in Table 7.3 in the form of the power law fits for 
the burn time as a function of particle size for both 70Al·NiF2 and 50Al·NiF2 composites. 
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The trends shown describe only materials prepared and tested in this work; further 
optimization of milling conditions used to prepare 50Al·NiF2 may alter the trends 
substantially. All obtained exponents for the power law are less than 1, suggesting that 
heterogeneous reactions play significant role in combustion of all prepared powders. The 
significance of heterogeneous reactions is also consistent with relatively low measured 
flame temperatures (Figure 7.12) compared to the calculated adiabatic flame temperatures 
(See supporting material). 
Both prepared composites (as well as pure aluminum) burn in air much faster than 
in the products of a hydrocarbon flame, suggesting that oxygen is a much more effective 
oxidizer than a mix of CO2, CO, and H2O. The above mix can plausibly react with NiF2 
and/or with the fluorinated intermediates. The benefits of the NiF2 inclusions in the 
composites may thus be diminished in the reductive environment, so that the composite 
particles burn similarly to unmodified aluminum.    
Table 7.3 Power Law Correlation Constants for Time of Combustion, tb,ms and Particle 
Diameter, D, µm for 70Al·NiF2 and 50Al·NiF2 Composites Burning in Air and 
Hydrocarbon Flame 
tb = a·Dn Pre-exponent, a Exponent, n 
In air 
70Al·NiF2 7.6 0.68 
50Al·NiF2 4.3 0.36 
In hydrocarbon flame 
70Al·NiF2 0.23 0.32 
50Al·NiF2 0.47 0.25 
7.6 Conclusion 
Composite powders with different Al/NiF2 ratios were prepared by arrested reactive milling. 
Homogeneous mixing between Al and NiF2 could not be readily achieved when mass 
fraction of Al was 90%. Powders with lower Al mass fractions of 50 and 70% comprised 
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well mixed Al and NiF2; however, reaction between Al and NiF2 could not be avoided here 
while preparing samples with 50 wt% of Al. Further work can tune the milling conditions 
improving the mixing homogeneity, reducing the scale of mixing, and minimizing reactions 
occurring during milling.  
An exothermic, heterogeneous reaction between Al and NiF2 was observed to begin 
at temperatures below 200 °C; this reaction has an activation energy close to 80-85 kJ/mol; 
it likely governs ignition of the prepared materials heated rapidly.  
In air, the prepared composites with both 50 and 70 wt % of Al burn faster than 
spherical aluminum powders with comparable particle sizes. The flame temperature for 
50Al·NiF2 composite does not exceed the Al boiling point suggesting a purely 
heterogeneous reaction. For 70Al·NiF2 composites, higher flame temperatures are 
measured suggesting the presence of vapor-phase reactions. For both composites, the effect 
of particle size on its burn time is described approximately by power laws with exponents 
less than 1 suggesting importance of surface reactions.  
In constant volume explosion experiments performed in air, combustion of 
70Al·NiF2 occurred with shortest ignition delays and resulted in the pressures matching or 
exceeding those of pure Al, while also essentially matching the pressures predicted for this 
composite by equilibrium calculations.  
The burn times observed for the composite powders injected into an air-acetylene 
flame are similar to those of pure aluminum; it is hypothesized that side reactions of CO, 
CO2 and H2O with NiF2 diminish its effectiveness as an oxidizer for Al in these 




EFFECT OF BORON CONTENT IN B·BiF3 AND B·Bi COMPOSITES ON THEIR 
IGNITION AND COMBUSTION 8 
 
8.1 Abstract 
Composite powders combining boron with BiF3 and Bi in different amounts were prepared 
by high energy milling. Thermal analysis in an argon-oxygen mixture showed significant 
oxidation starting about 200 K lower than for pure boron. Selective oxidation of metallic 
Bi at low temperatures was observed. Composites containing either Bi or BiF3 ignited more 
readily than pure boron when in contact with a hot wire, or when heated by a CO2 laser 
beam. Burn times of particles aerosolized in air and ignited using the CO2 laser were 
measured as durations of the recorded emission pulses produced by burning particles. 
Statistical distributions of the measured burn times were correlated with the respective 
powder’s particle size distributions. The burn times were shorter than for elemental boron 
for all prepared composites, including those containing only 10 wt % of Bi2O3 or ca. 8 




8 The findings presented in this chapter have been published in the peer-reviewed journal, Combustion and 
Flame under the reference listing: 
Valluri, S. K., Ravi K.K., Schoenitz, M., and Dreizin, E.L., Effect of boron content in B·BiF3 and 
B·Bi composites on their ignition and combustion, Combustion and Flame, 2020, 215: p. 78-85. 




Boron burning in oxygen releases more energy volumetrically than any other metal, 
making it an attractive fuel for ramjets and other applications [2, 294]. Boron also has high 
gravimetric energy density [295]. However, it suffers from several drawbacks that limit its 
practical applications. It typically ignites at a relatively high temperature of over ~1400 K 
[214, 228]. Boron particles have long burn times and experience characteristic two-stage 
heterogeneous combustion [224-227]. As for most other metals, the predicted energy 
release occurs after combustion products of boron condense. However, condensed 
combustion products may not be desirable for many applications, leading to two-phase 
losses of specific impulse, abrasive damage to nozzles, etc. Recently, inclusion of fluoride 
oxidizers was found to improve the ignition [59, 239] and combustion [238] properties of 
metals in aerobic conditions. In particle combustion studies of B·BiF3 and B·CoF2 
composites (both with 50 wt. % boron), the composite particles burned faster in air than 
boron of comparable sizes.  
However, the addition of a sizable mass fraction of oxidizers reduces the energy 
density of the fuel. To maintain thermodynamic appeal of boron combustion, the amount 
of fluoride additive should be minimized. In the current work, the amount of the fluoride 
oxidizer, BiF3 is varied systematically to consider the effect the B/BiF3 ratio on combustion 
of the composite material.  Metallic Bi, as a decomposition product of BiF3, has been 
speculated to have itself a catalytic effect of B combustion, similar to the catalytic effect 
of metallic iron [205] [252].  To investigate this effect, composites in which BiF3 was 




8.3.1 Material Synthesis 
Fuel-rich boron-bismuth fluoride composites (referred henceforth as B·BiF3) were 
prepared by arrested reactive milling (ARM) [182] in a SPEX CertiPrep 8000 series shaker 
mill. Starting materials were B (SB95, SB Boron, 95 %), BiF3 (Alfa Aesar, 99 %), and Bi 
(-325 mesh, Alfa Aesar, 99.5 %).  Each hardened steel milling vial contained 5 g of powder. 
Vials were loaded under argon to prevent oxidation during milling. A small amount of 
hexane, ~ 4 mL was used as process control agent. The ball to powder mass ratio (BPR) 
was fixed at 10. The B·BiF3 composites were milled for 60 min with 9.525 mm (3/8th inch) 
diameter balls. The B·Bi composites were milled for 20 min. The materials prepared are 
listed in Table 8.1. The equivalence ratios are shown for a reaction B+BiF3→BF3+Bi. The 
compositions of the B·Bi composites were chosen to match the Bi contents of the 
90B·10BiF3 and 60B·40BiF3 composites. All the B·BiF3 composites (but not B∙Bi 
composites) were found to ignite when placed on filter paper and heated by a butane lighter. 
All the composites were passivated in an argon-rich glove box overnight and stored under 
hexane for the duration of this research.  
Table 8.1 Prepared Composite Materials 






90B·10BiF3 7.9 % 2.1 % 210*-221 
70B·30BiF3 23.6 % 6.4 % 54-57 
60B·40BiF3 31.4 % 8.6 % 35-37 
92B·8Bi 8.0 % - - 
69B·31Bi 31.0 % - - 
*lower value indicates 95 % nominal boron purity. 
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8.3.2 Material Characterization 
The composites were imaged using a JEOL JSM-7900 field emission scanning electron 
microscope (SEM). Elemental composition was analyzed using energy dispersive X-ray 
spectroscopy (EDX). Phase composition was analyzed by X-ray diffraction (XRD) using 
a PANalytical Empyrean multipurpose research diffractometer with unfiltered Cu Kα 
radiation, operated at 45 kV and 40 mA.  
Reactive properties were characterized by simultaneous thermogravimetric (TG) 
analysis and differential scanning calorimetry (DSC) using a Netzsch Thermal Analyzer 
STA409PG.  Samples were heated in covered alumina pans at 5 K/min from 323 to 973 K 
(50 to 700 °C) in a mixture of argon (Airgas, 99.998 %) and oxygen (Airgas, 99.994 %), 
each at 50 mL/min.  Baseline corrections were obtained by running an empty crucible under 
identical experimental conditions.  
8.3.3 Particle Combustion Experiments  
A stream of aerosolized particles was directed at the focal point of a Synrad Evolution 125 
sealed CO2 laser. The laser was operated at 37.5 W (30 % max. power) and focused to a 
width of 250 µm using a ZnS lens. The environment was room temperature air at 
atmospheric pressure.  These conditions were sufficient to ignite most particles passing the 
laser. Light emission of burning particles was recorded using filtered photomultiplier tubes 
(PMTs).  
Particles were aerosolized by a 0.68 L/min air jet lifting particles from the threads 
of a slowly rotating screw, resulting in a particle feed rate of about 0.11 mg/min.  The 
stream of aerosolized particles was passed via flexible tubing to a 2.39 mm ID brass nozzle, 
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positioned 2 mm below the laser focus.  Further details of the custom screw feeder are 
described elsewhere [201, 250].   
A fiber optics bundle leading to two Hamamatsu R3896-03 PMTs, filtered at 700 
and 800 nm, was placed 2 cm above and 16 cm away from the brass nozzle of the particle 
stream. Light emission was continuously recorded using 16-bit PCI-6123 National 
Instruments board and LabView software. The acquisition rate was 100,000 samples per 
second over an 8-second period. Data from several such runs were collected to record a 
sufficient number of emission pulses of burning particles. A more detailed description of 
the laser initiated combustion setup may be found elsewhere [296, 297].  
The recorded pulses contain time resolved brightness and temperature information.  
The pulse width, defined here, consistently with the previous work [205, 252, 298], as the 
time interval over which the signal exceeds 10 % of the peak maximum, was interpreted as 
the burn time. Color temperature was obtained by assuming the particles to be gray body 
emitters and calibrating PMT outputs using a tungsten lamp and a calibrated spectrometer. 
Overlapping pulses or pulses with poorly defined baselines were discarded. At least 800 
individual particle combustion pulses were selected for each material to obtain statistically 
significant burn time distributions.   
To be able to correlate burn times with particle sizes, the aerosolized particle size 
distribution was determined. The particle feeder was turned on while the laser was off. An 
SEM stub with an adhesive-coated carbon tape was mounted 2.5 cm above the brass nozzle, 
above the expected laser focal spot, and perpendicular to the aerosol flow. Particles were 
collected for 10-15 seconds to ensure a fair representation of particle sizes. The collected 
particles were imaged at different magnifications.  Using ImageJ software, ellipses were 
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manually fit to each particle in each image and the average of the major and minor axes of 
an ellipse was considered its representative dimension. To account for the complex shape 
of agglomerated particles, the particle size was corrected using a fractal dimension of 2.2 
and primary particle size of 0.16 μm. Further details regarding this approach may be found 
elsewhere [204]. Using the same collection setup but with the laser turned on, combustion 
products were collected on a clean aluminum foil.  
Statistical distributions of the measured particle burn times and sizes were 
correlated with each other to obtain the effect of particle size on burn time. Continuous 
distributions were obtained using a kernel smoothing function [299]. Cumulative burn time 
and particle size distributions were then correlated at a set of quantiles, leading to the 
assumption that the fraction of particles with burn times greater/lesser than a given value 
represents the same fraction of particles that are larger/smaller than a corresponding size. 
8.3.4 Ignition Experiments  
The ignition temperatures of the milled composites were obtained from samples placed on 
an electrically heated 0.51 mm diameter nickel-chromium wire, a method widely used in 
previous work, e.g., [183]. A suspension of composite particles in hexane was deposited on 
a portion of the wire and allowed to dry. A custom-built setup of 1 Ω -rheostat and variable 
number of rechargeable large cell batteries (7238K57 McMaster Carr) allowed for control 
of the heating rate by adjusting resistance and voltage. A custom-built pyrometer consisting 
of a fiber optics probe connected to a calibrated germanium photodiode (PDA30B2 by 
Thorlabs) recorded the wire’s thermal emission. The pyrometer output was calibrated 
against a black body emission source (BB4A by Omega Engineering). The time of ignition 
was visually identified from high speed videography (using a MotionPro 500 camera by 
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Redlake). By temporally correlating the optically confirmed ignition to the wire 
temperature, the composite particle ignition temperature was found. The heating rates 
achieved in this setup were on the order of 103-104 K/s. 
Separate ignition experiments were conducted at higher heating rates ca. 106 K/s by 
heating composite particles by a CO2 laser beam. The heating rate is roughly estimated as 
the difference between anticipated ignition and room temperatures divided by the time 
required for a particle to cross the laser beam. The feeding mechanism and laser employed 
here were the same as the ones in combustion experiments. The particles were fed into the 
focal point of the laser beam and the laser power was slowly increased until the particles 
became incandescent. Thus, the threshold energy required for ignition in air was identified. 
The experimental procedure has been discussed in detail elsewhere [202]. 
8.4 Results 
8.4.1 Particle Morphology and Composition 
Backscattered electron images of the composites are shown in Figure 8.1. Boron appears 
medium gray, and the additives, BiF3 or Bi, are bright. The carbon mounting tape appears 
as dark background.  For all materials, particles generally retain the morphology of boron, 
comprising aggregates of boron primary particles. Both BiF3 and Bi are homogeneously 
distributed within the boron aggregates on a scale of several µm.  On a finer scale, the 
additives are observed to decorate the surface of the boron particles. The homogeneity, by 
visual estimate, is somewhat lower for the material with 31 wt-% elemental Bi, where some 
larger regions consisting of Bi exist. In all composites, occasional free un-attached fluoride 
or bismuth particles were found.  
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XRD analysis (patterns omitted for brevity) of all milled composites show 
contamination from small quantities of iron. This is common in materials prepared by high-
energy milling using steel milling tools. B·BiF3 samples contained both, orthorhombic and 
cubic BiF3 as the source was not crystallographically pure. Minor quantities of reduced Bi 
were also observed indicating that some reaction has occurred during milling. Further 
optimization of the milling parameters would be needed in order to minimize such reaction. 
The XRD patterns for B·Bi samples exhibit strong bismuth and minor boron crystalline 
phases.   
 
Figure 8.2 Backscattered-electron images of the prepared composite powders: (A) 
90B·10BiF3, (B) 70B·30BiF3, (C) 60B·40BiF3, (D) 92B·8Bi, (E) 69B·31Bi.  
8.4.2 Heated Filament Ignition 
The ignition temperatures of B·BiF3 composites are plotted as a function of heating rate in 
Figure 8.2. The B·Bi composites could not be ignited in these experiments. The 
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60B·40BiF3 and 70B·30BiF3 samples exhibit similar ignition temperatures around 860 – 
880 K (580 – 600 °C) at lower heating rates. 
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Figure 8.2 Ignition temperatures of the B·BiF3 composite powders heated on an electrically 
heated filament. 
A slightly higher ignition temperature of 930 K (650 °C) is observed for 
90B·10BiF3. An increase in the ignition temperature with increase in the heating rate is 
observed for 60B·40BiF3 and 70B·30BiF3 composites. The temperature for 70B·30BiF3 
becomes higher than for 60B·40BiF3. No reliable ignition was observed at a greater heating 
rate for 90B·10BiF3.  
8.4.3 Laser Ignition Threshold 
The energy transfer from the CO2 laser beam to the particle is size dependent.  For 
aluminum, 3.37 µm particles are heated most effectively [202].  Although the geometry 
and absorptive properties of the composite particles studied here are different, it is expected 
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that at minimum laser power the size of ignited particles of different composites is 
comparable, allowing the composites to be compared to each other. 
Boron content, wt-%























Figure 8.3 Minimum laser power required to ignite composite particles with different 
compositions. 
Figure 8.3 shows the minimum laser power required to ignite the different 
composites. The threshold laser power decreases with increasing amount of additive for 
both, B·BiF3, and B·Bi composites.  Pure boron requires the highest power with 8.75 W, 
and the 60B·40BiF3 composite the lowest with 3.75 W. This is generally consistent with 
lower ignition temperatures observed for the composites with increasing amount of fluoride 
additive (Figure 8.2) and suggests ignition assistance from the reaction with fluorine.  The 
B·Bi composites require more power to ignite compared with B·BiF3 composites with 
equal boron content.  This is likely due to the latent heat of Bi melting that slows particle 
heating and lack of the redox reaction assisting ignition for B·BiF3 composites. 
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8.4.4 Thermal Analysis 
The TG and DSC traces of all composites are presented in Figure 8.4. The TG in Figure 
8.4(A) shows similar features: initial mass loss of less than 5 % (below 373 K or 100 °C) 
and mass gain (onset ~ 673 K or 400 °C). The mass gained by the composites over the 
experimental range is given in Table 8.2.  It increases with boron content in the case of 
B·BiF3 samples. The sample 90B·10BiF3 shows the highest observed mass gain of 59 %.  
Table 8.2 also shows the expected maximum mass gain for the complete oxidation and the 
actual observed degree of oxidation by the end of the heating cycle. The degree of oxidation 
for boron, defined in terms of any remaining elemental boron at the end of the TG 
measurements is also presented in Table 8.2. Both values were calculated accounting for 
both accumulation of condensed B2O3 and quantitative loss of gaseous BF3. This is a 
relatively crude estimate, as at higher temperatures boron oxide tends to volatilize as well. 
The addition of BiF3 or Bi has an effect on the degree of boron oxidation under thermal 
analysis conditions. The additives help improve the degree of oxidation as compared to 
amorphous boron.  
Table 8.2 Experimental and Theoretical Maximum Mass Changes of Milled Composites, 
and Degree of Oxidation Within the Range of the Experiment 
Composite Mass change for 
complete oxidation, % 
Observed mass 
change, % 




Boron 211a-222 40.8 18.4-19.3b 
90B·10BiF3 186-196 58.8 31.2-32.8 
70B·30BiF3 137-145 48.8 38.1-40.0 
60B·40BiF3 118-119 51.2 48.8-51.4 
92B·8Bi 194-204 49.3 24.1-25.4 
69B·31Bi 146-153 51.6 36.6-38.6 





































Figure 8.4 TG and DSC traces of B·BiF3 and B·Bi composites heated in an Ar/O2 gas flow 
at 5 K/min.  
The DSC traces of all composites, seen in Figure 8.4(B), show a sharp exothermic 
peak coinciding with the inflection point of their corresponding TG traces. In the case of 
the B·BiF3 composites, these peak exhibits distinct low- and high-temperature shoulders. 
The initial shoulder-like exotherm coincides with the B2O3 melting point at 723 K (450 °C). 
The high-temperature exothermic shoulder around 790 K (or 560 °C), is stronger for 
materials with greater amounts of BiF3. For B·Bi composites, the peaks occur at lower 
temperatures, and the shift is strongest for 92B·8Bi.   
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Figure 8.5 Particle size distributions of B·BiF3 and B·Bi composite powders aerosolized 
in the laser combustion setup.   
The particle size distributions of the composites fed into the laser beam are presented in 
Figure 8.5. All size distributions appear skewed towards smaller sizes with modes in the 
1-5 µm range, and with larger size tails.  
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8.4.6 Combustion in Air 
Characteristic particle emission pulses recorded for composites burning in air are presented 
in Figure 8.6. All composite particles exhibit single-peak pulses, unlike boron [205].  
Occasional double peak events were observed only for 92B·Bi. Pulses with longer duration 





















Figure 8.6 Representative emission pulses of the burning particles of B·BiF3 and B·Bi 
composites ignited by the CO2 laser beam in air.  
The widths of these pulses were interpreted as burn times. The burn time 
distributions of all the samples are presented in Figure 8.7. Similar to the size distributions 
in Figure 8.5, the distributions are skewed to shorter times with modes around 0.5 ms, and 
have tails towards longer times.  Burn times appear to be longer for 90B·10BiF3 composite 
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with the smallest amount of BiF3; however, no clear difference is seen for distributions for 
70B·30BiF3 and 60B·40BiF3 composites. For both B·Bi samples, the burn time 






































Figure 8.7 Burn time distributions of the B·BiF3 and B·Bi composite powders ignited in 
air by CO2 laser.  
The burn time distributions shown in Figure 8.7 were correlated with the 
aerosolized particle size distributions shown in Figure 8.5. The correlations of all 
composites are presented in Figure 8.8 along with the correlations for boron and 
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Figure 8.8 The burn time – particle size correlations for B·BiF3 and B·Bi composite 
burning in air. Additionally, correlations for boron [252] and 50B·50BiF3 [298] are shown.  
All composites show a straight line on the log-log plot for particle sizes of about 2 
µm and less. At greater particle sizes, consistent with the burn times skewed towards 
shorter times, the correlation trends become steeper.In the linear (power-law like) region 
of particles with 2 µm size or less, all composites exhibit shorter burn times than 
comparably sized boron particles. Results for composites with 10, 30, and 50 wt% of BiF3 
form a trend including consistently increasing burn times with reduced amounts of BiF3. 
Composite with 40% BiF3 is somewhat of an outlier, while its burn times remain close to 
those of other composites. B·Bi composites show somewhat stronger effect of particle size 
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on its burn time; burn times measured for smaller particles are close to those for B·BiF3 
composites while the largest particles appear to be burning like boron.  
Table 8.3 summarizes the power law fit parameters for all composites for particles 
of 2 µm size or smaller, where the burn time, tb is presented a function of particle size, 
diameter, D. All the B·Bi composites exhibit exponents somewhat greater than 1. The 
B·BiF3 composites exhibit exponents of less than 1.  
Table 8.3 Power Law Constants for the Time of Combustion, tb, (ms), and Particle 
Diameter, D, (µm) for the Prepared Composites in Aerobic Condition 
Composite = ⋅  
   n 
90B·10BiF3 -0.336 ± 0.001 0.86 ± 0.01 
70B·30BiF3 -0.461 ± 0.001 0.64 ± 0.01 
60B·40BiF3 -0.466 ± 0.002 0.96 ± 0.02 
92B·8Bi -0.419 ± 0.002 1.16 ± 0.02 
69B·31Bi -0.355 ± 0.001 1.12 ± 0.01 
The color temperature of the particle as a function of time was obtained for each 
pulse. Average temperatures for each pulse were calculated while the emission signals 
exceeded 50% of their respective pulse peak values. Resulting average temperatures were 
binned into distributions that are presented in Figure 8.9. The boiling points of Bi, Bi2O3, 
B2O3 and B are marked for reference. Additionally, average flame temperatures measured 
in the same experiment for boron [252] and 50B·50BiF3 composite [298] are also shown. 
All B·BiF3 composites exhibit temperatures over 3000 K, much higher than the boiling 
points of Bi, Bi2O3 and B2O3 but lower than the boiling point of boron ~4200 K. The 
difference in the combustion temperatures of the B·BiF3 composites is not significant; all 







































Figure 8.9 Combustion temperature distributions of B·BiF3 and B·Bi composites. Boiling 
points of related species, and combustion temperatures of boron [252] and 50B·50BiF3 
[298], are indicated. 
The B·Bi composites show distinctly different temperatures for samples with 
different Bi content. Particles of 92B·8Bi sample have temperatures narrowly grouped 
around 2160 K, in the vicinity of the boiling points of Bi2O3 and B2O3. Particles of 




Figure 8.10 SEM images of partially combusted products of 60B·40BiF3, collected on 
aluminum foil.  
Backscattered electron images of partially burned and quenched particles of 
60B·40BiF3 are presented in Figure 8.10 as representative of all B·BiF3 composites. As 
seen in Figure 8.10(A), most quenched B·BiF3 composites were spherical particles largely 
consisting of boron oxide (dark) with varying amounts of iron oxide (lighter).  No bismuth 
was detected by EDX in such spherical particles. Figure 8.10(B) presents an irregularly 
shaped particle of 60B·40BiF3 which shows signs of heating and surface melting, but 
quenched before the entire particle started to combust. The right corner shows unreacted 
particles similar in morphology to as prepared, milled composite consisting of lighter BiF3 
inclusions on the darker boron primary particle agglomerates. The smooth section of the 
particle on the left side of the image show minute spherical (and thus molten) submicron 
inclusions of Bi. The particle seems to have been quenched while boron has begun melting. 
Bismuth is retained in what appears to be molten boron despite bismuth boiling temperature 




8.5.1 Thermally Activated Reactions 
As seen in Figure 8.2, the oxidation reaction observable by thermal analysis in all prepared 
composites occurs about 200 K below that observed for pure boron [201]. Qualitatively, 
all B·BiF3 composites exhibit similar oxidative behavior suggesting that only a small 
amount of BiF3 is sufficient to alter the mechanism of boron oxidation. As found earlier for 
such composites with 50 wt. % BiF3 [239], the presence of a metal fluoride accelerates 
decomposition of boric acid by a low-temperature fluorination reaction, which disrupts the 
protective surface layer and assists surface oxidation, eventually leading to ignition.  
The present results suggest that the same reaction mechanism remains valid for 
materials with much smaller amounts of BiF3. The main DSC peaks are very similar for all 
composites suggesting that oxidation occurs at roughly the same rates for different 
compositions. It appears that the main differences in the respective DSC curves are in the 
high-temperature shoulder following the main exothermic peak, which increases in 
magnitude with greater amounts of BiF3. However, such a shoulder is likely insignificant 
for ignition processes occurring at high heating rates, which are commonly governed by 
preceding reactions.  
For B·Bi composites, no Bi melting is observed at 270°C, even for the material 
with as much as 31% Bi present. It is possible that Bi metal oxidizes selectively under these 
low heating rate conditions, and at relatively low temperatures. The presence of an oxidized 
metal additive, Bi2O3 forms a thermite with boron as fuel, which may further explain 
accelerated oxidation of boron at higher temperatures. This mechanism suggests that when 
more Bi2O3 is produced at low temperatures (e.g., for 69B·31Bi), the stepwise boron 
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oxidation prompted by the redox reaction is amplified; this is consistent with the 
observation in Figure 8.2. As temperatures continue to increase, boron reduces Bi2O3. 
Reduced Bi can re-oxidize rapidly reacting with surrounding gas, thus serving as a shuttle 
catalyst for boron oxidation. A similar catalytic mechanism of accelerated boron oxidation 
was recently described for Fe additive [252].  
8.5.2 Ignition 
The ignition of B·BiF3 composites was previously found to be driven by low temperature 
removal of boron oxide/hydroxide layer [239]. Heated filament ignition experiments 
(Figure 8.3) show that, consistent with thermoanalytical measurements, the smallest 
amount of fluoride used in the prepared materials, 10 wt. % (2.14 wt. % of fluorine), is 
sufficient to accelerate oxidation and reduce the ignition temperature of boron in air. 
B∙Bi composites, like pure boron ignited only when heated by the CO2 laser, but 
not when coated on the heated filament.  Without any chemical effect on the boron surface 
oxide, and with the latent heat of melting of Bi, the energy input to the composites by the 
heated filament was not sufficient.  Apparently, at the heating rates obtained in the heated 
filament experiments, which are much higher than in TG/DSC measurements, sufficient 
selective oxidation of Bi does not occur. Instead, Bi may effectively unmix from boron 
aggregates after melting. Conversely, in laser ignition experiments, with even higher 
heating rates, Bi may remain mixed with boron even after melting. Accelerated ignition 
could, in this case, be caused by catalytic effect of bismuth, which is readily oxidized 
reacting with air and then as readily reduced by boron. However, additional work would 
be required to further elucidate this ignition mechanism.  
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8.5.3 Combustion in Air 
The aerobic combustion of both B·BiF3 and B·Bi composites is faster than that of boron as 
evident from Figure 8.8. This suggests that the effect of additives extends beyond ignition, 
affecting reactions occurring at much higher temperatures. Note that the milled particles 
contained iron impurities (Figure 8.10 and XRD results), which was shown earlier to also 
accelerate combustion of boron [252]. 
In the case of B·BiF3, combustion products include BF3 and BOF gases that can 
form at the particle surface. Formation of these products is more exothermic than formation 
of boron suboxides, BO and BO2; thus a burning particle is heated by the surface reactions 
more effectively. It is expected, however, that fluorine is consumed relatively early upon 
ignition so that the effect of fluorine-bearing combustion products on the bulk particle burn 
rates may be limited.  
Reduced Bi remaining after fluorine has been removed, may continue oxidizing 
heterogeneously while simultaneously being reduced by boron. This reaction may yield 
B2O3 directly on the particle surface, also a highly exothermic heterogeneous reaction 
contributing to achieving a high combustion temperature, as suggested by the present 
measurements (Figure 8.9). A similar, metal additive assisted heterogeneous reaction was 
reported to accelerate combustion of boron with iron additives [205], which are also present 
in the prepared materials. Unlike bismuth, which boils at 1837 K, and thus should gasify 
before boron melts (2349 K) iron is expected to remain in molten boron at the combustion 
temperatures. Additionally, Bi2O3 boils at 2163 K, above the Bi boiling point. Thus, if Bi 
is selectively oxidized it can be retained in boron at higher temperatures (although still 
below the melting point of boron). Possible temperature gradients in the heated particles 
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could cause compositional non-homogeneity in the aggregates, as illustrated in Figure 
8.10B. This could make the reaction mechanism more complicated. For example, Bi-rich 
and colder parts of the aggregate can react heterogeneously more effectively than a hotter, 
clean boron surface. Eventually, the temperature and composition are expected to 
equilibrate; however, a substantial portion of boron can be oxidized before this 
equilibration occurs, thus altering the bulk particle burn rate quantified in the present 
measurements. Unfortunately, the present results do not make it possible to conclusively 
separate the effect of Bi-bearing additives and Fe impurities on the observed particle burn 
rates.  
The accelerating effect of Bi on burn rate of boron is supported by experiments with 
92B∙8Bi and 69B∙31Bi (Figure 8.8). Interestingly, the flame temperature for 92B∙8Bi is 
narrowly grouped around 2160 K, the boiling point of Bi2O3 (Figure 8.9). This is also very 
close to the boiling point of B2O3, 2130 K. It is thus reasonable to propose that the oxidized 
Bi serves as a shuttle catalyst for boron combustion in this case as well, and that the 
maximum temperature is limited by the gas phase removal of B2O3. Because higher 
temperatures were observed for other composites with greater concentrations of catalyzing 
additives, it can be concluded that differences in both the flame temperature and burn rates 
are significantly affected by Bi-bearing additives (aside from iron impurity). The results 
suggest that when the amount of such additive is increased, reactions accelerate enough to 




B·BiF3 and B·Bi composites were prepared by mechanical milling, ignited and burned in 
air.  The presence of BiF3 or Bi reduces the temperature of stepwise oxidation of boron 
heated in an oxygenated environment. The effect of BiF3 is assigned to fluorination 
involving boric acid. Furthermore, formation of volatile BF3 and BOF on particle surface 
effectively heats the particle accelerating ignition. The effect of Bi is assigned to its 
selective oxidation and subsequent reduction by boron, making it a shuttle catalyst.  The 
addition of BiF3 to boron even in quantities as small as 10 wt. %, significantly reduces the 
ignition temperatures and accelerates combustion in air. Furthermore, adding only bismuth, 
a relatively volatile metal, also leads to reduced ignition temperature and burn times of 
boron aggregates. An increase in amount of bismuth above ca. 8 % does not make burn 












BISMUTH FLUORIDE-COATED BORON POWDERS AS ENHANCED FUELS 9 
 
9.1 Abstract 
By double displacement reaction in aqueous media, bismuth fluoride, BiF3, was coated onto 
micron-sized boron particles to target two compositions with 5 and 10 wt.% of BiF3, 
referred to as 95B·5BiF3 and 90B·10BiF3, respectively. The actual mass fractions obtained 
were estimated to be 3 and 7 wt.%, respectively. The deposited BiF3 particles had narrow 
size distributions centered around 60 nm. For each of the two prepared powders, the coated 
boron particles of different sizes contained different mass fractions of BiF3, which scaled 
with the particle’s specific surface area. Both coated samples exhibited a low-temperature 
oxidation starting at 450 °C, similar to B·BiF3 composite powders prepared by arrested 
reactive milling. The low-temperature oxidation was sufficiently rapid to sustain ignition 
of 90B·10BiF3 powder placed on an electrically heated wire. Single particle combustion 
experiments in air showed a detectable increase in the burn rate for 90B·10BiF3 powder 
compared to the starting boron; however, no similar increase was noted for 95B·5BiF3 
sample. In constant volume explosion tests in air, combustion of 90B·10BiF3 powder 
generated significantly greater peak pressures and rates of pressure rise than observed for 
both commercial boron and fine aluminum powders. The improvements were less 
pronounced, but clearly detectable for 95B·5BiF3 sample.   
 
 
9 The findings presented in this chapter have been published in the peer-reviewed journal, Combustion and 
Flame under the reference listing: 
Valluri, S. K., Schoenitz, M., and Dreizin, E.L., Bismuth fluoride-coated boron powders as 
enhanced fuels, Combustion and Flame, 2020, 221: p. 1-10. 




Boron is an attractive fuel because its combustion heat release is greater than for other 
metals [209-215]. However its carbon-like physical and chemical properties [230], high 
ignition temperature [214, 228] and slow, two-staged heterogeneous combustion [224-227] 
hinder its use in many practical applications. Thus, it is of interest to modify boron reducing 
its ignition temperature and accelerating its burn rate while retaining its high combustion 
enthalpy.   
Earlier studies explored the effects of various additives on boron combustion. Such 
additives included titanium [300], zirconium [301, 302], magnesium [303-305], and 
fluoropolymers [89]. A common thread for all such efforts is that additives themselves 
served as fuel components. Recent work showed that particle burn rates of boron in air can 
be increased by combining it with small amounts of certain transition metals that are, 
themselves, are not suitable as fuels, like Fe [306], volatile metals, like Bi [275], and 
oxidizers, like CoF2 and BiF3 [307]. Additives were homogenized with boron forming 
composite powders using high-energy milling. With all mechanically milled composites, it 
was observed that combustion proceeded as a single stage event. The amounts of additives 
were relatively small, e.g., 10 wt. % of BiF3 and 8 wt. % of Bi [275] to retain the attractive 
energy density of boron. Just 5 wt.% or less of transition metal additives were found to 
accelerate boron combustion significantly [308].  Further, BiF3 and Bi additives were 
reported to lead to the reduced temperatures and threshold energies required to ignite boron 
particles in air [275]. Despite observed improvements in characteristics of single particle 
combustion, no significant difference was observed when combustion of aerosolized 
clouds was compared using as received and modified boron powders [306].  
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Because any additives diminish thermochemical advantages of pure boron, it is of 
interest to minimize the amounts of the additives while still reaching tangible 
improvements in its ignition and combustion. Using mechanical milling to prepare 
homogeneously mixed, fine composite powders of boron with materials having distinctly 
different mechanical properties becomes challenging when the amounts of additives 
decrease below 10 wt %. For example, previous work on preparing bismuth fluoride-boron 
composite resulted in partial reduction of the oxidizer during milling [239]. In this work, 
an alternative preparation technique for such composite powders was considered. Halides, 
oxy-halides and chalcogenides have been previously deposited on powders for applications 
in optics and solar energy using solvent-based chemistry [309-311]. A similar deposition 
method was used here to coat small quantities of BiF3 onto the boron particles. The 
preparation is expected to be scalable and versatile extending the range of species serving 
as oxidizers or burn rate modifiers for metal powders. The current work focused on two 
compositions with nominally 5 and 10 wt.% of BiF3. The reduction in the energy density 
for these materials relative to boron is small. For pure boron, the heat of oxidation is 58.9 
kJ/g. For composites with 5 and 10 wt% of BiF3, reactions producing B2O3, BF3, and Bi2O3 
release 55.9 and 53.0 kJ/g, respectively.  
9.3 Experiments 
9.3.1 Material Preparation 
The boron used was 95% pure amorphous micron-sized powder by SB Boron. The 
precursors to prepare BiF3 were bismuth nitrate pentahydrate (98% pure, by Beantown) 
and sodium fluoride (99% pure, by Sigma Aldrich). The composite powders were prepared 
in aqueous media with fluidized micron-sized boron powder particles, on which 
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synthesized BiF3 was deposited. Deionized (DI) water was used to dissolve precursors and 
disperse boron powder. The chemical deposition of bismuth fluoride was achieved by salt 
metathesis reaction of the precursors:  
Bi(NO3)3∙5H2O(aq) + 3NaF(aq)  BiF3↓+ 3NaNO3(aq) + 5H2O 
All species in this reaction are water-soluble except for BiF3, which precipitates 
onto the boron particles. The concentrations of the bismuth nitrate and sodium fluoride 
solutions were selected based on the targeted mass of bismuth fluoride to be deposited on 
boron. The targeted BiF3 amounts were 10 and 5 wt. %; respective compositions are 
referred henceforth as 90 B·10BiF3 and 95B·5BiF3 respectively. For fluorination reaction 
in such composite powders, the respective target equivalence ratios are 467 and 221. 
Table 9.1 shows the water and precursor concentrations and volumes used to 
prepare composite powders starting with 1-g boron batches. First, boron powder was 
suspended in DI water. The suspension was continuously agitated by a magnetic stirrer. 
Preliminarily, it was observed that at room temperature, the bismuth nitrate dissolved in 
water slowly, saturating at 0.115g/100mL. The targeted concentration of the dissolved 
bismuth nitrate was 0.091g/100mL (0.00188 mol/L). To reach that concentration faster, the 
DI water-boron suspension was heated to 60°. Bismuth nitrate pentahydrate was added to 
the suspension and mixed for 5 minutes. Then, a 0.095 mol/L aqueous solution of sodium 
fluoride was added dropwise to precipitate nanometric bismuth fluoride onto the boron 
particles. The precipitation occurred rapidly. The suspension was stirred for 15 min before 
it was set aside to settle down the composite particles. The powder was filtered from the 




The described process was used to prepare small batches of coated boron, mostly 
for 95B·5BiF3 composite. Larger quantities of both 95B·5BiF3 and 90B·10BiF3 composite 
powders were also prepared. The preparation was scaled up for 5- and 10-g batches of 
boron. The volumes listed in Table 9.1 were scaled up proportionally with the mass of 
boron. For larger material batch sizes, the coated powder was separated from suspension 
by gravimetric settling. The suspension was allowed to settle overnight; a clear liquid could 
be seen above the powder, which was then decanted. The remaining slurry was once again 
mixed with 2L DI water and the powder was allowed to settle and separated once again. 
The recovered wet powders were allowed to dry in air for 2 days. In preliminary 
experiments, it was observed that the coated samples prepared with different initial boron 
masses (1, 2 and 10 g) and respectively scaled up solution volumes could not be visually 
distinguished from one another inspecting their particle images using scanning electron 
microscope (SEM).  
Table 9.1 Precursor Concentration and Volume Added to Deposit 5 and 10 wt. % of BiF3 
















5 wt. % 150 0.00188 0.095 100 6 
10 wt. % 50 200 12 
Based on previous experience with similar materials, all prepared dried samples 
were stored in laboratory air for 2 months to develop an oxide/hydroxide layer, which might 
have been dissolved during boron treatment in water. Subsequent experiments used these 
passivated samples. In a preliminary assessment of reactivity, 90B·10BiF3 samples placed 
on a sheet of filter paper could be ignited by a butane gas torch. Conversely, 95B·5BiF3 
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samples could not be consistently ignited in this manner.  These preliminary assessments 
as well as described below combustion tests involving laser ignition were repeated during 
the 4-month experimental campaign with no further aging detected that could have affected 
the material behavior. 
9.3.2 Material Characterization 
The prepared composite powder’s surface morphology and distribution of BiF3 was 
characterized using a JEOL JSM-7900 field emission SEM. The powders were imaged 
using back-scattered electrons to achieve phase contrast. To quantify the chemical 
composition, energy dispersive X-ray spectroscopy (EDX) was used. The prepared 
composite powders were analyzed using X-ray diffraction (XRD) on a PANalytical 
Empyrean multipurpose research diffractometer. The diffractometer was operated at 45 kV 
and 40 mA using filtered Cu kα radiation.  
The reactivity of the composite powders was probed by thermogravimetric (TG) 
analysis coupled with differential scanning calorimetry (DSC) on a Netzsch Thermal 
Analyzer STA409PG. The samples were heated at 5 K/min from 323 to 973 K (50-700 °C) 
in an argon/oxygen mixture, with each gas flown at 50 mL/min. The argon (99.998% pure) 
and oxygen (99.994% pure) were both obtained from Airgas. The measurements were 
performed in covered alumina DSC crucibles. The baseline correction was obtained by 
running an empty crucible under the same heating program. 
9.3.3 Heated Filament Experiment 
Composite powders were ignited in air using a heated filament ignition setup [183]. A 
modified configuration [239] was used in the present experiments. Briefly, a small quantity 
267 
 
of powder was coated as a slurry made with hexane onto the middle of a 1-mm diameter 
nickel-chromium wire. Once the hexane evaporated, the coated wire was resistively heated 
by DC current controlled using a custom 1 Ω -rheostat and a set of rechargeable large cell 
batteries (7238K57 McMaster Carr) to achieve heating rates in the range of 103-104 K/s. 
An optical fiber probe using a germanium photo diode (PDA30B2 by Thorlabs) was 
focused on a portion of the wire adjacent to the coated powder. It followed the wire 
emission unaffected by the coating. The probe was calibrated against a black body emission 
source (BB4A by Omega Engineering).  Thus, the probe tracked the wire temperature as a 
function of time. The instant of ignition was visually identified from the video recorded at 
500 fps using a MotionPro 500 camera by Redlake. The wire temperature at the ignition 
instant was interpreted as the powder ignition temperature. Ten runs were performed for 
each powder at each targeted heating rate. 
9.3.4 Particle Combustion Experiment 
The prepared composite powders were aerosolized and burned in air by passing a stream 
of particles through the focal point of a CO2 laser beam. The particles were aerosolized by 
a custom-built screw-feeder [201, 250]. The composite powder charge of ca. 0.12 g was 
deposited onto 30 threads of the 19.05 mm diameter screw placed inside a cylindrical brass 
enclosure. The screw was driven by a reduction DC motor. A nozzle with air flown at 0.68 
L/min was wedged into a thread of the screw inside the enclosure. As the screw passed by 
the nozzle, the air lifted particles from the screw surface and carried them into an orifice at 
the opposite side of the enclosure. The particles were fed into the laser beam via a 2.39-
mm inner diameter brass tube at a rate of about 0.11 mg/min. The brass tube ended 2 mm 
below the focal point of the beam generated by a Synrad Evolution 125 sealed CO2 laser. 
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The beam was focused using a ZnS lens; the focal spot diameter was ca. 250 μm. The laser 
was operated at 37.5 W; 30% of its maximum power. Further experimental details are 
available elsewhere [202].  
A bifurcated optical fiber was placed 2 cm above and 16 cm away from the focal 
spot of the laser to observe the particle emissions. The optical fiber was split to feed into 
two Hamamatsu R3896-03 photo-multiplier tubes (PMTs) filtered at 700 and 800 nm. The 
PMT signals were acquired through a 16-bit PCI-6123 National Instruments board and 
processed using LabView software. The signals were collected at a rate of 105 samples per 
second during 8-s intervals. On average, 20 individual particle emission pulses were 
identified and processed for each such data set. Pulses suitable for data extraction were 
chosen manually, making sure that the baseline for the pulse was readily identified and that 
the pulses were clearly separated from one another (no overlap).   
The emission pulses were processed to obtain the particle burn times and 
temperature histories. The width of the emission pulse at 10% of the pulse’s peak intensity 
was interpreted as the particle burn time.  
At least 800 individual particle pulses were selected and processed for each 
composite powder to arrive at a statistically representative set of burn times.  Burn time 
distributions were obtained from these sets by employing a kernel density function 
discussed earlier [275].  
9.3.5 Aerosolized Particles Collection and Sizing 
To account for possible size classification that might have occurred while the powders were 
fed into the laser beam, the powders passed through the feeder were collected and analyzed. 
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An aluminum substrate with a double-sided adhesive carbon tape was placed perpendicular 
to the aerosol flow, 2.5 cm above the brass feeder.  
Particles adhered to the tape were collected for 10 – 15 seconds under experimental 
flow conditions. The SEM images of the collected particles were processed using Image J 
software [205, 308]. For each image, boron and (much finer) bismuth fluoride particles on 
their surfaces were distinguished manually based on the contrast difference between phases. 
For both materials, size of each particle was measured as the equivalent sphere diameter 
having the same cross-section area as the particle. To account for the 2-D nature of the 
collected images of 3-D boron aggregates, the particle diameter was corrected using a 
fractal dimension of 2.2 and assigning 0.16 μm as the boron primary particle dimension 
following earlier work [205]. Bismuth fluoride particles appeared spherical and did not 
require any correction. 
Two different magnifications (500X and 2000X) were employed to capture the 
complete range of particle sizes of boron. A minimum of 10 images for each magnification 
were processed to obtain boron particle sizes. This resulted in at least 1000 and 700 
particles processed at 500X and 2000X, respectively.    
For bismuth fluoride sizes, a single magnification (2000X) was sufficient due to a 
relatively narrow size distribution. Two SEM images were processed for each composite 
powder sample. Each image included at least 200 BiF3 particles.  
The particle sizes were processed by a kernel density function to develop size 
distributions for each magnification. The distributions were merged by convolution after 
normalizing the lower magnification distribution function by a factor. The convolution 
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factor was obtained as the ratio of the frequencies for a size bin well resolved in size 
distributions obtained for both magnifications.  
The same setup was used to collect partially quenched and combusted particles by 
operating the laser during the collection process. An aluminum foil mounted on the SEM 
stub was used to quench burning particles. The combustion products were analyzed using 
SEM and EDX.  
9.3.6 Correlations Between Particle Sizes and Burn Times 
The statistical distributions of burn times and boron particle sizes were correlated with each 
other to identify the effect of particle size on its burn time.  Smaller particles were assumed 
to have shorter burn times.  Values of less than 10% and 90% in both distributions were 
neglected in the correlation. The distributions were correlated by matching their respective 
10th and 90th percentiles.  
9.3.7 Aerosol Combustion Tests 
Combustion of aerosolized clouds of the prepared composite powders was characterized in 
constant volume explosion (CVE) experiments using a 9.2 L stainless-steel ellipsoid 
chamber.  The CVE setup was used previously [288, 289], its detailed description is 
available in the literature [307]. The powder charge in these experiments was 2 g; it was 
placed into a pipe elbow under the injection nozzle at the bottom of the combustion 
chamber. The chamber was sealed and evacuated to ~ 0.3 atm. A solenoid valve connecting 
the pipe elbow containing the powder charge and a high-pressure gas reservoir filled with 
air was open for 200 ms. The resulting air blast dispersed the powder in the combustion 
chamber and increased the chamber pressure to 1 atm. After a 200-ms delay, the aerosol 
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was ignited. Custom thermite igniters placed at the center of the chamber were used in 
these experiments. Each igniter contained 0.65 ±0.02 g of 4Al·3CuO thermite prepared by 
arrested reactive milling. The thermite was packed in 0.5-cm diameter, 2-cm long cylinders. 
Each cylinder was capped at both ends by Viton®; it was electrically heated by a 100 μm 
diameter, 20 cm long tungsten wire coiled around the cylinder.  
The pressure resulting from the explosion of the aerosol was measured by a 
PXX2AN1XX500PSA Honeywell pressure transducer. Each experiment was repeated 
thrice for reproducibility.  The resulting pressure traces were normalized by the pre-
combustion pressure recorded.  
As reference fuels, 2 g each of boron and aluminum were also similarly aerosolized 
and combusted in the CVE setup with the same 4Al·3CuO thermite ignitors. The boron 
used was the amorphous boron (95% pure) and aluminum was spherical aluminum of 4.5-
7 μm sourced from SB Boron and Alpha Aesar, respectively.  
9.4 Results 
9.4.1 Particle Morphology and Composition 
Representative images of the coated composite powders 90B·10BiF3 and 95B·5BiF3 
prepared in 1 g batch-sizes are presented in Figure 9.1; additional images are available in 
the Appendix B, Figure B1. BiF3 appears as the lightest phase while the carbon tape appears 
black. For both powders, bright, nano-sized BiF3 particles cover boron surfaces rather 
homogeneously. These nanoparticles are seen more clearly in the inset in Figure 9.1(A). 
For 90B·10BiF3, some portions of the boron particle surface seem to contain more BiF3, 
appearing nearly uniformly brighter than the rest of the powder surface. No uncoated 




Figure 9.1 SEM images of prepared composite powders: (A) 90B·10BiF3 (higher 
magnification inset) and (B) 95B·5BiF3. 
The XRD analysis (traces shown in the Appendix B, Figure B2) of the prepared 
samples show mostly BiF3 peaks. The boron used is largely amorphous and does not 
produce a strong signature.  
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Figure 9.2 Particle size distributions of the prepared composites 90B·10BiF3 and 
95B·5BiF3 passed through the powder feeder used in the particle combustion experiments 
and captured on adhesive tape.  
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Particle size distributions of the coated powders separated from the suspension by 
gravitational settling along with the particle size distribution of the starting boron powder 
are shown in Appendix B as Figure B3. All particle distributions are similar to one another 
suggesting that the coating did not lead to additional agglomeration of boron.  
The particle size distributions of the powders passed through the feeder and 
captured on adhesive tape are presented in Figure 9.2. The 90B·10BiF3 sample exhibits a 
wider distribution with comparatively larger particles (peak around 1.3 µm) because the 
powder was separated from solution by gravimetric settling. 95B·5BiF3 powder separated 
by filtering has a narrower distribution peaking around 0.7 μm.   
Number densities and size distributions of BiF3 particles were obtained from a 
separate image-processing step. For portions of the captured SEM images, morphological 
effects and lack of focus made it difficult to unambiguously identify and characterize fine 
BiF3 particles. To minimize the influence of such morphological effects, SEM images of 
portions of the boron particle surfaces appearing flat were selected for these measurements. 
The total numbers of analyzed BiF3 particles coated on boron surfaces were 453 and 494 
for 90B·10BiF3 and 95B·5BiF3 samples, respectively. The estimated number densities were 
73.4 and 26.9 particles of BiF3 per µm2 of the boron surface for 90B·10BiF3 and 95B·5BiF3, 
respectively. The BiF3 particle size distributions were obtained for these two samples by 
kernel density function; they are shown in Figure 9.3. The BiF3 particle sizes for both 
coated samples were in the range of 0.006 – 0.15 μm. The size distributions were similar 
to each other for both prepared composite samples. Both size distributions peak at 61 nm.  
Accounting for the size distributions shown in in Appendix B, Figure B3 and for 
the number density of BiF3 particles on boron surface, the actual coverage (and thus, 
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composition) attained in the prepared samples can be approximately evaluated. Based on 
the SEM images, BiF3 was assumed to be deposited uniformly onto the boron surface. It 
was further assumed that BiF3 was in the form of uniform spheres of 61 nm diameter, 
corresponding to the mode of the measured size distribution. Using the experimental 
number densities for BiF3 particles on boron surface obtained from the SEM image 
analyses for both composite powders, the average concentrations of BiF3 in 90B·10BiF3 
and 95B·5BiF3 composite powders were thus estimated as 7 and 3 wt. %, respectively.  
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Figure 9.3 The particle size distribution of the BiF3 particles coating the prepared 
composite powders.    
Assuming uniform surface coating on boron particles of different sizes leads to 
particle-size dependent mass fraction of BiF3. Because the mass fraction of BiF3 particles 
uniformly distributed on the boron surface scales with the square of the particle size 
(surface area), while the particle mass scales with the cube of the particle size (mass), the 
mass fraction of BiF3 becomes inversely proportional to the particle size, as shown in 
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Figure 9.4. It is also illustrated that the targeted mass fractions of 10 and 5 % of BiF3 in the 
prepared composite powders were actually expected for particles with sizes of ca. 1 and 
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Figure 9.4 Particle size-dependent BiF3 mass fractions for the prepared composite powders 
assumed to comprise boron particles uniformly decorated with 61-nm diameter BiF3 
particles.  
9.4.2 Thermal Analysis 
The TG and DSC traces for the prepared coated composite powders are presented in Figure 
9.5. For reference, previously reported TG traces are also shown for the starting, 95% pure 
boron, for 99% pure boron (also by SB Boron) [220], and for a 90B·10BiF3 sample 
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prepared by arrested reactive milling [275].  For both reference boron traces, oxidation 
occurs at higher temperatures than for the prepared composite powders. The TG traces of 
all composite powders show similar patterns with the mass gain initiating around 400 °C. 
The inflection point of this mass gain step is at ~500 °C for all composite samples. The 
results suggest that presence of BiF3 leads to a reduced oxidation onset temperature 
independently of whether it is added volumetrically, by milling, or as a surface coating for 
boron powder. For both coated composite powders, the mass gains observed by the end of 
the heating program are nearly the same to each other. The mass gains for the coated 
powders are noticeably greater than the mass gain observed at the same temperature for the 
milled sample. Further, the mass gain achieved for both coated composite powders by ca. 





































Figure 9.5 TG and DSC traces for 90B·10BiF3 and 95B·5BiF3 heated in Ar/O2 flow at 5 
K/min. The TG traces of 99% pure (B99), 95% pure (B95) boron [220] and milled 
90B·10BiF3 sample [275] are provided for reference.  
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These observations indicate that the morphology of the coated powder, which is 
similar to that of the starting boron powder, leads to a greater mass gain compared to the 
powder with the morphology altered by milling. Note that in all cases, the mass gains 
decelerates well before the sample is fully oxidized. The deceleration of the mass gain is 
likely associated with the formation of molten B2O3 covering the powder and blocking the 
remainder of the sample from further oxidation. As shown for the coated materials, the 
mass gain correlates with a sharp DSC peak. A minor exothermic shoulder at ~450 °C 
precedes the sharp exothermic DSC peak for both composite powders, although there are 
no discernable features in respective TG traces correlating with this shoulder. The shoulder 
appears to correlate with the melting point of the nascent oxide layer; B2O3, marked in 
Figure 9.5 by a vertical dashed line. Note that the endothermic effect of melting is not 
resolved; it is masked by a much stronger exothermic reaction occurring at the same time. 
9.4.3 Ignition of Powders on a Heated Filament 
Only 90B·10BiF3 coated composite powder could be consistently ignited in this 
experiment and only using a limited range of heating rates. The results are shown in Figure 
9.6. For higher heating rates, ignition temperature increased so that the emission from the 























Figure 9.6 Ignition temperatures of coated and milled 90B·10BiF3 composite powders 
heated in air. The results for the milled powder are from Ref. [275].  
Data in Figure 9.6 show that the ignition temperature varies rather widely between 
ca. 560 and 725 °C for the heating rate varied from ca. 2300 to 3000 K/s. For comparison, 
similar measurements for a powder with nominally the same composition but prepared by 
arrested reactive milling reported earlier [275] are also shown in Figure 9.6. For both 
powders, ignition occurs at similar temperatures, although the spread of the measured 
temperatures is narrower (625-680 °C) for the milled powder.  
9.4.4 Combustion of Individual Particles 
Representative short and long duration emission pulses produced by the prepared 
composite particles burning in air are presented in Figure 9.7. Typically, pulses have a 
single main peak. All recorded emission pulses for 90B·10BiF3 sample exhibited single 
peaks. A few double-peak pulses were observed for 95B·5BiF3. A decay accompanied by 
distinct oscillations is observed occasionally for short pulses and is typical for long pulses.  
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Figure 9.8 The burn time distributions for laser-ignited 90B·10BiF3 and 95B·5BiF3 
composite powders burning in air. 
The widths of the pulses interpreted as burn times are presented as statistical 
distributions in Figure 9.8. The distributions for both coated samples exhibit long tails 
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towards the longer burn times. Longer burn time pulses appear to be more statistically 
significant for 95B·5BiF3 sample.  The average burn time for this material is 1.5 ms vs. 
1.09 ms for 90B·10BiF3 composite powder.  
The burn time distributions (Figure 9.8) and the aerosolized particle size 
distributions (Figure 9.2) were correlated to obtain the effect of the particle size on its burn 
time, as shown in Figure 9.9.  
For comparison, similar burn time vs. particle size correlations are shown for 95% pure 
boron [308] and 90B·10BiF3 and 70B·30BiF3  composite powders prepared by arrested 
reactive milling [275]. The trends for both coated and milled 90B·10BiF3 composite 
powders are close to each other. The two composite powders with the nominally 10 wt % 
of BiF3 show identical burn times for particles with sizes 1 – 2 µm. In both cases, 
combustion of 90B·10BiF3 particles of all sizes occurs faster than for similarly sized boron 
particles. The milled composite powder with a 30 wt. % of BiF3 burns even faster. For the 
composite powder coated with nominally 5 wt % of BiF3, the inferred burn times of 





























Figure 9.9 The burn time particle size correlation of the composite powders; 90B·10BiF3 
and 95B·5BiF3 in air presented along with the correlations of Boron-95 [308] and milled 
composite powders; 90B·10BiF3 and 70B·30BiF3  from [275].  
SEM images of the particles ignited by the laser beam in air and quenched on an 
aluminum foil are presented in Figure 9.10. Two commonly observed types of quenched 
90B·10BiF3 particles are shown in Figures 9.10 (A) and (B). A spherical particle with a 
smooth surface, suggesting that the particle temperature exceeded the boron melting point, 
is shown in Figure 9.10(A). This particle apparently cooled off and solidified before 
striking the aluminum substrate, because no significant deformation of the sphere is 
observed. EDX identifies presence of O, N and B, suggesting possible formation of BN 
along with B2O3 during combustion. A particle representing a flattened disk, apparently 
formed upon impact of a molten spherical droplet with the aluminum foil, is shown in 
Figure 9.10(B). This particle shape was found among quenched products most commonly. 
EDX suggests that the disk contains B2O3 with the darker regions also having high 
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concentrations of N. The lighter speckles of nano-sized spherical Bi/Bi2O3 particles, better 
resolved in the inset, are found in small clusters scattered on the surface of the flattened 
particle.  
Quenched 95B·5BiF3 particles are shown in Figure 9.10 (C) and (D). A relatively 
rarely observed particle made of crystalline feathery lamellae of B2O3, speckled with 
Bi/Bi2O3 particles is shown in Figure 9.10(C). This particle apparently solidified and 
crystallized before impacting upon the aluminum foil. A commonly found flattened disk-
like particle shown in Figure 9.10(D), similar to that in Figure 9.10(B), consists primarily 
of B2O3 and BN, with nanoparticles of Bi/Bi2O3 decorating the surface.    
 
Figure 9.10 Quenched particles collected on aluminum foil. (A) and (B): coated 
90B·10BiF3; (C) and (D): coated 95B·5BiF3. 
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9.4.5 Combustion of Aerosolized Powder 
Particle size distributions for as prepared powders as well as for used reference samples 
shown in the Appendix B, Figure B3 should be considered to interpret these experiments. 
The particle sizes for all tested powders are reasonably close to one another. Representative 
pressure traces for the coated 90B·10BiF3 and 95B·5BiF3 powders along with their 
corresponding rates of pressure change are presented in Figure 9.11. For comparison, traces 
for powders of 95% pure amorphous boron (B95) and spherical aluminum (4.5-7 μm) are 









































Figure 9.11 The representative (A)normalized pressure traces along with (B)rate of 
pressure change of boron-95, coated 90B·10BiF3, coated 95B·5BiF3 and spherical 
aluminum powders ignited by 0.65g of 4Al·3CuO in CVE experiments with air as the 
primary oxidizer. 
The pressure traces in Figure 9.11(A), were normalized by the pre-combustion 
chamber pressures that varied from 0.98 to 1.05 atm. The strongest pressure pulses were 
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observed for coated 90B·10BiF3 with the peak pressure of about 9 atm. The peak pressures 
for coated 95B·5BiF3 and spherical aluminum are similar at about 6.5 atm. Amorphous 
boron had the lowest peak pressure observed. The pressure begins to increase after an 
ignition delay following the igniter initiation pulse (labeled by a vertical dashed line in 
Figure 9.11). These delays are shortest for both coated samples; the longest delay is 
observed for amorphous boron.  
From Figure 9.11(B), it is clear that the maximum rate of pressure rise is greatest 
for 90B·10BiF3, followed by that for aluminum, then 95B·5BiF3, and, finally, amorphous 
boron.The measured peak pressures for all samples and their corresponding maximum 
pressures predicted by an equilibrium calculation accounting for the CVE chamber volume 
are presented in Figure 9.12(A). The calculations used CEA code [190], which did not 
include data for bismuth fluoride and respective reaction products. To approximate 
reactions in the prepared composite powders, respective B·CoF2 composites were 
considered instead.  The calculations were made by matching the fluoride mass of xB·(100-
x)CoF2 composites to the corresponding xB·(100-x)BiF3 samples. The corresponding 
enthalpy of melting of Co is about twice that of the Bi contained in the composites. The 
calculations represent, therefore, a conservative estimate for temperature and pressure 
during combustion. The error bars for the experimental data show standard deviations from 
three experimental runs performed for each sample. Both prepared composite powders 
exhibit consistently higher pressure than boron. An increase in the measured pressure is 
observed with an increase in the BiF3 concentration, although CEA calculations do not 
predict a similar increase. Within the experimental error, the composite powders match or 
exceed the pressure measured for the same mass of fine aluminum.  
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The efficiency of combustion that can be gauged by comparing the measured 
pressures to those predicted by CEA, is substantially higher for the prepared coated 
samples than for boron or aluminum. As much as 73% of theoretical maximum pressure is 
measured for 90B·10BiF3, while for spherical aluminum, only 52% of the predicted 
pressure is achieved in experiments. For 95B·5BiF3 sample, the experimental pressure 
reaches 60% of its theoretical maximum. Boron exhibits the lowest peak pressures while 









































Figure 9.12 (A)The CEA calculated theoretical maximum and experimentally observed 
peak pressures and (B) rate of pressurization of the sample powders: B95 (95% pure boron), 
coated 90B·10BiF3, coated 95B·5BiF3 and spherical aluminum. 
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For the constant volume combustion experiments, the calculated adiabatic flame 
temperature is 2657 °C for boron. For the composite powders, the predicted adiabatic flame 
temperature decreases to 2620 and 2583 °C for 5 and 10% of the added fluoride, 
respectively (substituting in calculations CoF2 instead of BiF3). In all cases, the calculated 
flame temperatures exceed the melting point of boron and boiling points of B2O3, Bi, and 
Bi2O3; however, the temperature remains well below the boiling point of boron. 
9.5 Discussion 
9.5.1 Low-Temperature Oxidation and Ignition Behavior 
The TG traces observed for the coated 90B·10BiF3 and 95B·5BiF3 samples (Figure 9.5) 
are similar in shape to those observed for commercial boron. However, the reaction onset 
is shifted by ca. 100 and 200 °C compared to 99 and 95% pure boron powders, respectively. 
At the same time, the reaction onset for both BiF3-coated powders nearly coincides with 
that for the composite powder 90B·10BiF3 prepared by arrested reactive milling. Thus, 
presence of BiF3 clearly accelerates oxidation of boron at low temperatures, independently 
of how BiF3 is distributed in the sample. The catalyzing effect of BiF3 is also independent 
on the amount of the additive. These observations are consistent with those reported earlier 
for similar composites prepared by arrested reactive milling [275], [239]. The mechanism 
proposed earlier and involving accelerating decomposition of boric acid by a low-
temperature fluorination, which disrupts the protective surface layer and thus assists the 
surface oxidation, is further supported. The slowing mass gain observed upon oxidation of 
all samples is likely associated with formation of liquid B2O3 clogging the sample surface 
and preventing further oxidation. It is interesting that this change in the rate of mass gain 
occurs after nearly the same mass gain for both coated composites and for commercial 
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boron. However, it occurs at a lower mass gain for the milled composite. This can be 
explained considering that the surface morphology of particles is the same for the as-
received boron and coated samples, all containing agglomerated submicron primary boron 
particles. For the milled sample, the surface morphology is likely altered when the initial 
aggregates are broken and the fragments are re-agglomerated, resulting in its earlier 
clogging by the forming B2O3.   
Although the amount of Bi2O3 in the coated powders seems unimportant for the 
recorded TG traces, the rate of the exothermic reaction observed upon heating is greater 
for the sample with a greater concentration of Bi2O3, as seen from DSC (Figure 9.5). This 
relatively small difference in the reaction rate appears to be significant for respective heated 
filament ignition experiments, in which 95B·5BiF3 could not be ignited. Similarly, 
95B·5BiF3 could not be ignited consistently in preliminary evaluations of its reactivity, 
when it was heated by a butane lighter on top of a filter paper. Thus, both reduced 
temperature for boron oxidation and the achieved oxidation rate are critical for igniting the 
powders.  
9.5.2 Combustion of Individual Particles 
The correlations for particle burn times and their sizes obtained here and shown in Figure 
9.9, compared to earlier reported correlations for boron and milled powders were all 
obtained following the same data processing methodology. Here, some of the limitations 
for this methodology are discussed. Some limitations can be unique for the present effort, 
while others are generic, independent of the powder studied. 
Powders prepared here are coated by fine BiF3 particles, which seem to be rather 
uniformly distributed over the boron surface (see. Figure 9.1). Unlike the samples prepared 
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by arrested reactive milling, in which BiF3 is embedded in the volume of the prepared 
composite particles, the mass (or volume) concentration of BiF3 for the coated samples is 
affected by the particle size. This is clearly shown in Figure 9.4. Thus, particles of different 
sizes in each sample, 90B·10BiF3 and 95B·5BiF3 have different amounts of BiF3. The 
concentration, and thus the effect of BiF3 should be diminishing for larger particles; 
conversely, it should become greater for smaller particles. This effect of particle size on its 
composition and thus in its burn time is only expected for the coated samples. Indeed, for 
the coated 90B·10BiF3, the larger particles burn longer than for the reference milled 
90B·10BiF3 powder (Figure 9.9). Interestingly, the burn times for both powders become 
nearly the same for the particles with sizes between 1 and 2 µm, the size range, for which 
the mass fraction of BiF3 expected in the coated powder is the same as in the milled 
composite (Figure 9.4). However, despite a greater amount of BiF3, finer coated 
90B·10BiF3 particles burn longer than their milled counterparts. This observation could 
represent a true effect, e.g., inhibiting rapid heterogeneous oxidation of boron by 
evaporating bismuth concentrated at the particle surface. Alternatively, and more likely, 
this observation could be an indicator of other, generic issues associated with the present 
method of data processing. Note that the range of particle sizes used for correlation with 
burn times is extended towards fine particles for both coated composite powders and 
commercial boron as compared to the milled powders. This probably indicates that the finer 
boron aggregates present in the commercial powder and retained in the coated samples 
were no longer present in the milled powder. Such finer particles are expected to generate 
the weakest combustion emission pulses, some of which may be below the sensitivity level 
of the present optical setup recording particle emission signal. If some of the weakest pulses 
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were not detected, the smallest detected pulses, which were generated by larger particles, 
were mis-assigned to the finest particles of the measured size distribution. This 
superficially increased the burn times associated with such fine particles. Unfortunately, it 
is not possible to account for the error described above based on the available data.  
For boron combustion at a constant pressure, the adiabatic flame temperature 
calculated using NASA CEA code [190] is ca. 2572 °C. For the composites with 5 and 10% 
BiF3, this temperature may be reduced to ca. 2566 and 2559 °C, respectively (substituting 
in calculations BiF3, for which the properties are not available, with equal mass fractions 
of CoF2). These temperatures are well in excess of the boron melting point of 2076 °C, 
consistently with the observed smooth, spherical shapes of the quenched particles (Figure 
9.10). Presence of bismuth in the quenched particles, Figure 9.10, is somewhat unexpected 
considering that boron was molten, and thus the particle temperature far exceeded the 
boiling points of bismuth (1564 °C) and bismuth oxide (1890 °C). Considering that both 
boron oxide and bismuth oxide boil at temperatures below the boron melting point, 
formation of ternary B-Bi-O phases cannot explain retaining bismuth in the burning boron 
particles. Conversely, formation of phases involving refractory boron nitride, interacting 
with bismuth can serve as a feasible explanation. However, such nitrogen-containing 
phases are expected to be unstable in oxygenated environments, so that upon cooling, they 
would convert to oxides. Conversion of nitrogen-bearing phases into oxide accompanied 
with the nitrogen release can be associated with the oscillatory emission patterns observed 
at late combustion stages (Figure 9.7).  
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9.5.3 Combustion of Aerosolized Particle Dust Cloud 
The combustion of aerosolized dust clouds of the coated samples initiated by a thermite 
ignitor shows a significant improvement in bulk powder combustion characteristics as a 
consequence of coating (Figures. 9.11, 9.12). The coated 90B·10BiF3 sample generates a 
pressure exceeding that produced by the same mass of a fine spherical aluminum powder, 
an important practical benchmark.  
The prepared samples achieve a higher percentage of the theoretically predicted 
peak pressures (Figure 9.12), suggesting that they should be further explored in more 
practical combustion configurations. The observed high pressures and rates of pressure rise 
may be caused by a combined effect of improved ignition and burn rates, as indicated by 
the respective experiments, as well as by an improved dispersion of the coated powders. 
Indeed, the powders prepared here resemble so-called dry-coated powders, in which fine 
“guest” particles are deposited onto “host” particles to improve the powder flowability 
[312]. Fine particles of BiF3 deposited on surface of the normally cohesive boron 
agglomerates are, thus, expected to improve the powder flowability and its dispersion in 
the explosion vessel by a gas blast. A better dispersion could have contributed to a more 
effective combustion of the resulting powder cloud. Note that an improved flowability 
could also be advantageous when such coated powders are mixed with binders; once again, 
further testing of these materials with more practical energetic formulations is expected to 




The double displacement, salt metathesis reaction between precursors is successfully 
employed to coat boron powder particles with bismuth fluoride. A surface coating 
comprising individual submicron BiF3 particles is achieved. The finer coated boron powder 
particles had greater mass fraction of the fluoride, scaled depending on the specific surface 
area. Two prepared composite powders with nominally 10 and 5 wt% of BiF3, respectively, 
90B·10BiF3 and 95B·5BiF3 exhibit a reduced temperature oxidation compared to starting 
boron. The reduction in the oxidation temperature is the same as for the boron powders 
incorporating BiF3 by arrested reactive milling. The experimental results were interpreted 
to suggest that oxidation occurring at a reduced temperature for the coated 90B·10BiF3 
sample proceeds sufficiently fast to lead to a reduced temperature ignition of this material 
placed on an electrically heated filament. The measured ignition temperatures are the same 
for the coated and milled 90B·10BiF3 powders with nominally the same compositions. For 
95B·5BiF3 coated powder, the low-temperature oxidation is insufficiently rapid to ensure 
sustainable ignition in the same experiment. In single particle combustion experiments in 
air, it is observed that the coated 90B·10BiF3 sample burns faster than boron. For 
95B·5BiF3 coated powder particles, the burn times are not significantly different from those 
measured for the reference boron powder. Analysis of the quenched samples suggests that 
refractory boron nitride phases form during combustion, leading to retention of the 
bismuth-bearing condensed phases in the particles burning at temperatures far exceeding 
the boiling points of both bismuth and its oxide. Release of nitrogen later during 
combustion may be causing the observed oscillatory emission patterns produced by 
burning particles. The constant volume explosion tests show a significant increase in both 
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peak pressure and rate of pressure rise for the coated particles as compared to reference 
boron. For 90B·10BiF3, both peak pressure and rate of pressure rise exceed those observed 
for the same mass of a fine spherical aluminum powder. The improvements in the 
combustion pressures could be caused by a combination of a reduced ignition temperature, 






IGNITION MECHANISMS OF REACTIVE NANOCOMPOSITE POWDERS 




Micron-sized, nanocomposite powders combining 50 wt% of Al, B, or Si as fuels with a 
metal fluoride, e.g., BiF3, CoF2, or NiF2 were prepared by arrested reactive milling. The 
reactions occurring upon heating such composite powders in both inert and oxidizing 
environments were studied using thermal analysis. Reaction products were collected at 
different temperatures and examined using electron microscopy and x-ray diffraction. 
Prepared composites were coated on an electrically heated filament for ignition 
experiments in air. Fluorination substantially accelerates oxidation for all fuels in the 
prepared composites heated in an oxidizing environment. Respectively, ignition 
temperatures are substantially reduced compared to those of fuel powders. For all 
composites with BiF3 as an oxidizer, its thermal decomposition is the process rate-limiting 
ignition. Thermal decomposition of other fluorides rate limits ignition for boron and silicon 
when the fluorination products are volatile. For condensed AlF3 forming prior to ignition 
of Al-based materials, the reaction is rate-controlled by diffusion of Al through the layers 
of AlF3 and accelerating the redox reaction with the CoF2 or NiF2. For boron coated with 
boric acid, the fluorination is catalyzed by release of water upon heating, occurring at lower 




Powders of aluminum, boron, and silicon are attractive fuels with high gravimetric and 
volumetric heats of oxidation. However, ignition of such powders is governed by relatively 
slow heterogeneous reactions leading to long delays, which often restrict usefulness of such 
fuels in practical energetic systems.  Details, and therefore approaches for engineering 
respective advanced reactive materials are unique to each fuel. Aluminum particles, as an 
example, exhibit size-dependent ignition temperatures. Particles of or greater than 100 µm 
size ignite near the alumina melting point, 2350 K. Micron-sized aluminum powders in the 
range of 10-30 μm ignite at temperatures above 1273 K [313]. The reported ignition 
temperature approaches the aluminum melting point, 933 K as the particle size decreases 
to the sub-µm range [314, 315]. The use of sub-micron/nanometric aluminum is not favored, 
however, due to increased mass fraction of the surface oxide and thus reduced fuel content. 
Additionally, nano-aluminum has high sensitivity to different ignition stimuli generating 
safety concerns [316]. Further, reactive sintering was shown to accelerate agglomeration 
of aluminum nanoparticles, thus nullifying the benefits of their initially small sizes [317].  
For silicon, the transport of oxygen through the oxide is insignificant below 1273 
K [260-262]; this shifts ignition to higher temperatures. Boron is also reported to ignite at 
high temperatures >1400 K [214, 228]. Boron is hard to ignite in air due to kinetically slow 
reactions and the energy penalty of vaporizing the blanketing oxide/sub-oxides [210, 228, 
231, 232].  
For all three fuels, Al, Si, and B, reactions leading to ignition are controlled by 
diffusion of reacting species, fuel and oxygen, through a growing layer of the condensed 
oxide, a reaction product. One way to collectively address the limitations of these fuels is 
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to augment the reaction chemistry introducing fluorination instead of or in addition to 
oxidation. Phases of the metal fluorides and their transport properties are distinct from the 
respective oxides; thus, the reaction kinetics is expected to change. At the same time, the 
enthalpy of fluorination is comparable to that of oxidation, making such alternative reaction 
paths attractive energetically.  
Indeed, the use of transition metal fluorides, such FeF2, CoF2, NiF3 , CoF3 and FeF3 
as oxidizers was explored as early as 1929 [318]. The fluorides were blended with various 
elements and heated until pyrotechnic reactions between the components were visually 
observed. In the case of crystalline Si, Al, Mg, and Na, mild to lively reactions were 
observed [318].  
Recently, BiF3, CoF2 and NiF2 were used as oxidizers with Al, B, and Si serving as 
fuels [59, 239, 273, 319]. Respective composite powders were prepared by arrested 
reactive milling [182] including 50 wt. % of the fuel and fluoride, each. Such composites 
were fuel-rich, and thus the complete oxidation of metal fuel required an additional external 
gaseous oxidizer. All prepared composite powders ignited in air at substantially lower 
temperatures than respective fuel powders: Al, B, and Si [59, 239, 273, 319]. Despite these 
reduced ignition temperatures, the composites were also found to be insensitive to initiation 
by electro-static discharge (ESD) [59, 239]. This is striking considering a very high 
sensitivity of thermites using the same fuels combined with metal oxides as oxidizers, 
prepared using the same arrested reactive milling approach [320, 321]. The fluoride-
bearing thermite analogs in spite of having essentially the same composite structure, 
morphology and mixing between the fuel and oxidizer, differ significantly from thermites 
in modes of initiation.  
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The objective of this study is to explore the mechanisms of thermally initiated 
ignition in the composite with fluorides serving as oxidizers and with metals or metalloids 
serving as high-energy density fuels. Respective exothermic reactions may involve 
fluorination of fuel (reaction between the fuel and fluoride) and reaction of fuel with 
ambient oxidizing gas. Both processes can also occur in parallel leading to formation of 
oxyfluorides. Once the redox reaction advances, the reduced metal may oxidize reacting 
with ambient gas; it then may then be reduced by the excess fuel. Additional reactions that 
can affect ignition involve phase changes in the products and alloying of the metal fuel 
with reduced metal from fluoride. It is expected that these reactions mechanisms will 
depend on the interface structure, which may be altered if significant portion of reaction 
products are gases.   
Selecting Al, B, and Si as fuels and BiF3, CoF2, and NiF2 as fluorides for this study 
enables us to probe the role of most of the above processes. All three fuels can be 
fluorinated readily at low temperatures; the competition between fluorination and oxidation 
may be affected by properties of the formed products. All fuels yield condensed oxides, 
whereas for a range of ignition temperatures observed experimentally, only the fluoride of 
Al (AlF3) is a condensed species. Conversely, fluorides of B and Si (BF3 and SiF4) are 
gases.  
There are also reported differences in thermal stability of fluorides in environments 
with low fluorine partial pressure [318], which could be translated to their efficiency as 
oxidizers. The reduced metals show a range of alloying behaviors with the fuels, with most 
stable intermetallics observed in the case of Ni [322-324]  followed by Co [325-327], and 
lastly Bi, which does not alloy with Al and Si [328, 329], and is unlikely to alloy with B 
297 
 
[330]. The two alloying metals Co and Ni belonging to the iron-triad show distinct 
difference in stability of intermetallics with fuels while having very similar physical and 
chemical characteristics, such as comparable atomic size and diffusivity in aluminum.  
In this study, results reported earlier for all three types of composites [59, 239, 273, 
319] are re-processed. Additional experiments are performed as necessary to complete the 
data sets enabling systematic comparisons and assessment of reactions governing ignition 
in different composite materials.  
10.3 Experiments 
10.3.1 Material Preparation and Characterization 
The reactive composites reviewed in the current study [59, 239, 273, 319] were 
prepared by arrested reactive milling [182] in a SPEX Certiprep 8000 series shaker mill 
and contained 50 wt. % fuel and 50 wt. % fluoride. Prepared materials were examined 
using X-ray diffraction (XRD) on a PANalytical Empyrean multipurpose research 
diffractometer operated at 45kV and 40 mA using filtered Cu Kα radiation. The phase 
compositions were found based on whole pattern refinement using X-pert Highscore 
software package. The composites are described in Table 10.1 along with the references 
where their respective milling protocols may be obtained. Aluminum, silicon, and boron-
based composites with metal fluorides are referred to as Al·MFx, Si·MFx, and B·MFx, 



















Aluminum Al·BiF3 9.85 10.71 6.54 61 [59] 
Al·CoF2 5.4 19.60 12.86 66 
Al·NiF2 5.3 19.64 13.13 67 [273] 
 Silicon Si·BiF3 12.6 10.71 6.50 61 [319] 
Si·CoF2 6.9 19.60 19.60 100 
Boron B·BiF3 24.6 10.71 9.46 88 [239] 
B·CoF2 13.5 19.60 18.72 96 
Washed 
Boron 
WB·BiF3 24.6 10.71 9.46 88 
WB·CoF2 13.5 19.60 18.72 96 
New Boron NewB·BiF3 24.6 10.71 9.46 88 
NewB·CoF2 13.5 19.60 18.72 96 
The boron-based composites were prepared using 95% pure boron powder SB95 
by SB Boron. This powder was stored in the lab for 8 years. For preparing some samples, 
the starting 8-year old boron powder was washed by rinsing it repeatedly with acetonitrile 
and, finally, with toluene following Ref. [331]. The washing strips boron powders of the 
inherent hydrated oxide layer B(OH)3/B2O3 replacing it with a protective organic layer, 
which prevents rapid re-growth of the hydrated oxide. Samples using the washed boron 
have ‘WB’ in the sample ID instead of B. Finally, a new batch of SB95 was ordered for 
this effort. Samples using this just received powder use ‘NewB’ in their ID.  
The boron-based composite powders prepared with all three starting boron powders 
were similar to one another in all aspects except for the boric acid/boron hydroxide content. 
The amount of boric acid in the 8-year-old boron can be crudely estimated based on the 
number of years of storage [332] as nearly 11.4 wt. %. This estimate suggests that ca. 5 
wt. % of boric acid can be expected in the prepared B·MFx composites. Additional 
hydroxide could have formed during storage of composite powders. The composites 
prepared using new batch of boron or washed boron have negligible hydroxide content. 
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Table 10.1 also presents the amount of fluorine in the composites estimated from XRD 
analysis. These experimental fluorine concentrations are lower than the targeted ones. For 
all aluminum-based composites, only 61-67% of fluorine was retained after milling. In the 
future, milling parameters may be optimized to preserve fluoride oxidizers in aluminum-
based composites as was explored for Al·NiF2 in Ref [273]. In composites with Si and B, 
less reactive and mechanically harder fuels, CoF2 was less damaged by milling than BiF3.  
10.3.2 Heated Filament Ignition 
The composites were ignited by electrically heating a 0.5 mm diameter nickel-chromium 
wire, onto which the powders were coated. The temperature of the wire was followed 
optically by a calibrated photodiode and the ignition instant was determined using high-
speed videography. The experimental setup is described in Ref. [183] and has been used 
extensively in previous work. The ignition temperature was determined as the temperature 
of the wire at the ignition instant. Two heating rates were used for each composite and at 
least 5 runs were performed for each. 
10.3.3 Thermal Analysis 
All reactive composite powders were heated in both Ar and Ar/O2 flows in a Netzsch 
STA409PG thermal analyzer using thermogravimetric analysis (TGA) coupled with either 
differential thermal analysis (DTA) or differential scanning calorimetry (DSC). In 
experiments, high-purity argon (99.998% pure) was flown at 50 mL/min without or with 
an additional oxygen (99.994% pure) stream flown at 50 mL/min. The powders were 
heated from 323 to 1073 K in the case of Al·MFx or to 973 K in the case of Si·MFx and 
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B·MFx. The evolution of phases during heating was examined by recovering materials from 
intermediate temperatures and analyzing them by XRD.  
The powders were heated at multiple rates in Ar (2, 5 and 10 K/min) and Ar/O2 (1, 
2 and 5 K/min) runs to obtain detail necessary for kinetic analysis. The TG and/or 
DSC/DTA traces were processed using Kissinger’s method [333] to obtain apparent 
activation energies.  
10.3.4 Stability of Fluorides in Air Upon Heating 
A fixed volume of ca. 0.32 mL of a commercial fluoride powder (BiF3, CoF2, or NiF2, all 
from Alfa Aesar, same as used to prepare respective composites) was loaded in an open 60-
mL alumina crucible and introduced into a preheated oven. Powders were annealed in air 
at 473, 573, 673, 773, and 873 K for 3 h; resulting phases were analyzed by XRD. 
Composites were also annealed for 6 h at 573, 673, and 773 K. Phase identification of 
annealed Bi fluorides revealed a series of oxyfluorides. Only limited information on BiF3-
Bi2O3 phases is available in the literature.  Explicitly identified here were BiO(x/2)F3-x [334], 
Bi(F,O)2.45 [281], Bi7F11O5, BiOF, and BiO1.18F0.64 [334]. 
10.4 Results and Discussion 
10.4.1 Thermal Stability of Fluorides in Air 
The XRD patterns for three fluoride powders annealed in air for 3 h at different 
temperatures are shown in Figure 10.1. No significant difference between phases observed 
in composites annealed for 3 and 6 h was found. This suggests the phases identified were 
relatively stable at the temperatures tested.  
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In Figure 10.1(A), it is seen that the as-received BiF3 powder contains an oxidized 
phase, identified as BiF1.9O0.55. Upon annealing at 473 K, peaks of BiF3 diminish and peaks 
of BiF1.9O0.55 increase. At higher temperatures, more fluorine is lost and oxyfluoride phases 
increasingly rich in oxygen are observed.  
XRD patterns for CoF2 and NiF2, are shown in Figures 10.1(B) and 10.1(C), 
respectively. Neither fluoride forms oxyfluorides; instead, at higher temperatures, the 
fluorides were found to partially decompose and form their respective oxides, Co3O4 and 
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Figure 10.1 XRD patterns of (A) BiF3, (B) CoF2, and (C) NiF2 isothermally heated for 3h 
at various temperatures. 
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10.4.2 Summary of Low-Temperature Reactions 
The low temperature reactions of consequence to ignition were examined. To focus on the 
fluoride-specific reaction details, the TG/DSC traces along with the relevant compositions 
of the quenched powders, are discussed separately for different Al·MFx composites.  
10.4.2.1 Aluminum-based Composites 
Thermal analysis and reaction products:  
The TG and respective DSC traces of Al·BiF3 composite heated in Ar/O2 flow along with 
the DSC trace of the composite heated in Ar (magnified ×10) are presented in  
Figure 10.2(A). The fluorine fractions remaining in Bi-bearing phases, BiF3/ BiOxFy, and 
those detected in AlF3 quantified from XRD of powders quenched at different temperatures 
are presented in Figure 10.2(B). Respective XRD traces of argon/oxygen quenched 
powders are shown in Appendix B, Figures B4; the phases determined from refining the 
patterns are shown in Figure B5. The fraction of fluorine retained in BiF3 heated in air 
obtained from XRD (Figure 10.1) is also shown in Figure 10.2 as an indicator of the thermal 
stability of the fluoride that is not homogenized with Al.  
In Ar flow, a broad exotherm labeled ‘Exo I’ extending from 500 to 800 K is 
observed, which can be attributed to fluorination of Al (Figure 10.2A). In presence of 
oxygen, the DSC shows a reaction slowly accelerating up to the first, well-resolved peak 
around 755 K, labeled in Figure 10.2(A) as Exo II.  Around the same temperature as Exo I 
peak in Ar, a small feature can be resolved upon close inspection of the trace recorded in 
Ar/O2 flow; it is labeled in Figure 10.2(A) as well. A first measurable mass gain (marked 
in Figure 10.2A) appears to correlate with the onset of Exo II peak, suggesting onset of 
oxidation. At higher temperature, a major exothermic event is observed, split by an 
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endotherm representing aluminum melting. This event is accompanied by a major mass 
gain, and thus, represents powder oxidation.  
The removal of fluorine from BiF3 in the composite heated in Ar closely follows 
the trend observed for the thermal degradation of the BiF3 heated in air (Figure 10.2B). 
This suggests that in Ar, the rate-limiting step for fluorination in the prepared composite is 
thermal decomposition of BiF3. Conversely, in presence of oxygen, the consumption of 
fluorine in the composite is delayed to higher temperatures. It can be interpreted that 
formation of alumina readily occurring at all exposed interfaces at low temperatures adds 
diffusional barrier delaying decomposition of BiF3.  
The reaction product, AlF3 is detected with a delay (at higher temperatures) 
compared to the observed removal of fluorine from Bi-bearing phases. It is possible that 
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Figure 10.2 (A)TG/DSC traces of Al·BiF3 composite heated in Ar and Ar/O2 at 5 K/min 
[59] and (B) fluorine content in BiF3 and in produced AlF3, implied by XRD of samples 
quenched at different temperatures. The fluorine content in BiF3 heated in air is also shown.   
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Plots combining results of thermal analysis and tracking fluorine-bearing species 
for the Al·CoF2 and Al·NiF2 composites are presented in Figures 10.3 and 10.4, 
respectively. In Ar, Al·CoF2 composite shows a relatively strong low-temperature 
exotherm (labeled ‘Exo-I’) at about 540 K (Figure 10.3A). A similar exotherm is observed 
when this material is heated in Ar/O2; however, it is bimodal (marked ‘Exo I’ and ‘Exo II’). 
The double peak correlates with a mass gain in Ar/O2. As the temperature increases, the 
exothermic reactions persist, although at lower rates; respectively, the mass gain indicative 
of oxidation also continues. 
Unlike Figure 10.2(B), from Figure 10.3(B), it appears that fluorine is retained in 
CoF2 heated in air to higher temperatures compared to that retained in CoF2 homogenized 
with Al and heated in either inert or oxidizing environments. Thus, fluorination in the 
Al·CoF2 composite is driven by the redox reaction, likely controlled by diffusion of Al 
across the growing AlF3 layer. As in Figure 10.2(B), AlF3 is detected in Figure 10.3(B) at 
higher temperatures as compared to loss of fluorine from Co-bearing phases. This is 
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Figure 10.3 (A)TG and respective DSC traces of Al·CoF2 composite heated in Ar and 
Ar/O2 at a rate of 5 K/min [59] and (B) fluorine content in CoF2 and in AlF3 obtained from 
XRD compositional analysis of samples quenched at different temperatures. The fluorine 
content in CoF2 powder heated in air is also shown.   
The exothermic patterns observed in Figure 10.4(A) for Al·NiF2 powders heated in 
Ar are qualitatively similar to those seen for Al∙CoF2 in Figure 10.3(A). However, the first 
exothermic peak (Exo I) is broader for Al·NiF2. It does not correlate with a well-resolved 
feature for the same powder heated in Ar/O2, although a smaller peak on the rising DSC 
background can be identified at a lower temperature upon close inspection. The mass gain 
begins in Ar/O2 at low temperatures; it accelerates noticeably when the exothermic peak 
labeled Exo II is observed. Two more exothermic peaks are observed at higher temperatures 
(Exo III and IV). They both correlate with the continuing mass gain and likely indicate 
different stages of oxidation of Al and, at higher temperatures, possibly the oxidation of 
the Al-Ni alloys [335, 336].    
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Figure 10.4 (A)TG and respective DSC traces of Al·NiF2 composite heated in Ar and 
Ar/O2 at a rate of 5 K/min [273] and (B) fluorine content in NiF2 and in AlF3 obtained from 
XRD compositional analysis of samples quenched at different temperatures. The fluorine 
content in NiF2 powder heated in air is also shown. 
The product analysis for the composite powder (Figure 10.4B) suggests that 
fluorine is removed from NiF2 at approximately the same rates in both Ar and Ar/O2 
environments. As in CoF2, in the NiF2 heated in air, fluorine is retained to higher 
temperatures. Thus, fluorination for Al·NiF2 is controlled by redox reaction, similar to 
Al·CoF2. Not shown in Figure 10.4(B), but illustrated in Figure B6, Al-Ni intermetallics, 
such as NiAl3 were detected in samples quenched after Exo I peak in both Ar and Ar/O2. 
Formation of intermetallic phases is expected to delay aluminum fluorination, which may 
explain the broad shape of the first exothermic features for Al·NiF2.  
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Sequence of Fluorination and Oxidation Reactions:  
To consider plausible reaction sequences, Figure 10.5 presents the integrated heat release 
of the Al·MFx composites as a function of respective mass gain observed in TG in Ar/O2. 
The bold, straight solid lines illustrate hypothetical reaction paths calculated based on the 
initial chemical composition. Each time, three subsequent reactions are considered. First, 
fluorination resulting in energy release with no mass gain is represented by the initial 
vertical lines. The initial fluorine content accounts for the compositions determined from 
the refined XRD patterns (Table 10.1). Second, the oxidation of the reduced metals, Bi, Co 
or Ni is accounted for, yielding a relatively low energy and significant mass gain. This 
produces a line with a small positive slope. Finally, the oxidation of aluminum reducing 
the oxidized Bi, Co, or Ni can occur, resulting in the energy release while conserving mass; 
this path is shown by the last vertical line.   
Comparison of the experimental and calculated reaction paths for Al·BiF3 shows 
that the initial fluorination indeed proceeds completely without parallel oxidation. 
Interestingly, the experimental reaction path shows a greater energy release compared to 
that calculated, suggesting that in addition to reducing oxidized Bi, aluminum is actively 
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Figure 10.5 Integrated heat release from DSC for (A) Al·BiF3, (B) Al·CoF2, and (C) 
Al·NiF2, plotted against their respective mass gain obtained from TG with a heating rate 
of 5 K/min in Ar/O2 flow. The calculated bold lines represent suggested reaction paths (see 
text).  
For both Al·CoF2 and Al·NiF2, very little initial fluorination is observed before 
oxidation begins leading to an early mass gain. In both cases, the experimental energy 
release is smaller than that expected based by the end of the third hypothetical reaction step. 
Thus, aluminum is not effectively reacting with gaseous oxidizer while CoF2 and NiF2 are 
being reduced and possibly re-oxidized.  
Effect of Fluoride on Oxidation of Al in Fuel-rich Al·MFx Composites:  
The total mass gain  measured by TG in an oxidizing environment may be used to 
assess the extent of oxidation of aluminum in Al·MFx composites compared to neat Al 
powder. Here, comparisons are given for a flake aluminum and all three Al-rich Al·MFx 
composites heated up to 1073 K. The experimental  values are compared to the total 
theoretical mass gain, . The lower bound for  assumes the complete oxidation of all 
aluminum except that forming AlF3. Oxidation of the reduced metal may cause an 
additional theoretical mass gain, leading to an upper bound for .  
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Experimental and respective theoretical mass gains are shown in Table 10.2. For 
convenience, the degree of oxidation = ( ⁄ ) ∙ 100%  is also shown. The high 
surface area, micron-sized aluminum flakes heated in Ar/O2 serve as neat Al reference 
[337].  
Table 10.2 Mass Gain Measured and Predicted Based on the Complete Oxidation of Al 
Flakes and a set of Al·MFx Composites Along with Inferred Degree of Oxidation 
Sample Ar/O2 atmosphere
* 
Observed , % Theoretical , % Degree of reaction β, % 
Flake Al 45.4 [337] 89 51 
Al·BiF3 37.9 [59] 40a-44b 85-95 
Al·CoF2 31.4 [59] 36-44 71-87 
Al·NiF2 25.2 [273] 36 -44 57-70 
* Samples were heated to 1073 K in Ar/O2 flow at 5 K/min. 
a/b The upper and lower bounds are theoretical mass gains with and without oxidation of reduced metals Bi, 
Co or Ni respectively.  
All Al·MFx composites show a greater degree of oxidation as compared to the 
aluminum flakes. It is also noted that the extent of oxidation depends on formation of alloys 
of Al with the reduced metal. For Bi, which is not alloying with Al, the oxidation is nearly 
complete. For Co, that may form alloys with Al, the degree of oxidation is at least 71 %. 
For Ni, that is thermodynamically most likely to react with Al (forming most stable 
intermetallic phases), the oxidation of Al reaches at least 57%, which is only marginally 
better than that for aluminum flakes.   
Reaction Kinetics: 
The apparent activation energies of the major exotherms identified in Figures 10.2, 10.3 
and 10.4 for powders heated in Ar and Ar/O2 are shown in Table 10.3. For Al·BiF3, the 
activation energy of the first exotherm associated with fluorination of Al is higher in Ar/O2 
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as compared to Ar. This is consistent with the discussed above possible stabilization of BiF3 
by the adjacent alumina. For both Al·CoF2 and Al·NiF2, the apparent activation energy of 
the first exotherm in Ar/O2 is slightly lower than that in Ar. This reduced activation energy 
in presence of O2 is likely associated with Al oxidation, which occurs simultaneously with 
fluorination for these composites, as seen clearly from Figure 10.5.  
Table 10.3 Apparent Activation Energy Obtained Using Kissinger Analysis of the Major 
Exotherms Identified in Al·MFx Composites  
Composite  Atmosphere Exo I Exo II Exo III 
Al·BiF3 Ar 203 - - 
Ar/O2 267 146 - 
Al·CoF2 Ar 109 - - 
Ar/O2 92 113 - 
Al·NiF2 Ar 154 277 - 
Ar/O2 113 127 346 
The second exotherms for Al·CoF2 and Al·NiF2 heated in Ar/O2 and likely 
representing oxidation of the reduced Co and Ni, show comparable activation energies. For 
Al·CoF2, this activation energy compares reasonably well with that reported for oxidation 
of Co in the same temperature range [338]. The third exotherm likely associated with 
oxidation of excess aluminum in Al·NiF2 (Exo III) is comparable to that reported for the 
same temperature range for oxidation of 3-4.5 µm aluminum (~380 kJ/mol) [339].  
10.4.2.2 Silicon and Boron-based Composites 
Thermal analysis and reaction products:  
TG traces of Si·MFx composites heated in Ar/O2 flow are presented in Figure 10.6(A). The 
corresponding DSC/DTA traces that may be found in the Ref. [319]; they do not show well-
resolved reaction peaks. For Si·MFx composites, mass loss associated with formation of 
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SiF4 is overlapped with the mass gain due to formation of SiO2 as well as condensed oxides 
of Bi and Co. For experiments in Ar, the mass loss is only attributed to the formation of 
volatile SiF4; respectively, the TG traces in Figure 10.6(B) are re-normalized to show the 
fraction of fluorine retained in the composites. Fluorine retained in BiF3 from Si·BiF3 
recovered after its heating in Ar/O2 (obtained by refining respective XRD traces) is shown 
also along with the fluorine in both BiF3 and CoF2 heated in air.  
A low-temperature mass gain is observed for both Si·MFx composites heated in 
Ar/O2; it begins at a lower temperature, ca. 400 K for Si·BiF3 (Figure 10.6A). For this 
composite heated in Ar (Figure 10.6B). the mass loss associated with Si fluorination begins 
at nearly the same temperature. Thus, fluorination of Si by decomposing BiF3 may also 
prompt its oxidation in presence of ambient O2. For Si·BiF3 heated in Ar/O2, the loss of F 
from BiF3 is slightly delayed compared to that observed in Ar (Figure 10.6B); this is similar 
to the observations for Al·BiF3 (Figure 10.2B), although the effect is less pronounced for 
Si. It possible that forming SiO2 stabilizes BiF3, similar to the proposed stabilizing effect 
of the forming Al2O3. Conversely, for Si·CoF2, the onset for mass gain in Ar/O2 occurs 
about 100 K sooner than mass loss in Ar. Therefore, in presence of CoF2, Si begins 
oxidizing before its fluorination begins.  
For both BiF3 and CoF2 heated in air, the loss of fluorine effectively coincides with 
that observed for the respective Si·MFx composites heated in Ar. This suggests that the 
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Figure 10.6 (A) The TG traces of Si·MFx composites heated in Ar/O2 flow at 5 K/min 
[319]. (B) Fluorine retained in Bi- and Co-bearing phases in Si·MFx composites heated in 
Ar/O2 and Ar flows, normalized by the initial fluorine mass. Fluorine fractions retained in 
BiF3 and CoF2 heated in air are also plotted for reference. 
TG and DTA traces for B·MFx composites heated in Ar and Ar/O2 are presented in 
Figure 10.7, where fractions of fluorine retained in BiF3 and CoF2 heated in air are also 
shown. BF3 is volatile (similar to SF4); respectively, TG traces for B·MFx composites 
heated in Ar in Figure 10.7 are renormalized to show fraction of the remaining fluorine, 
similar to Figure 10.6.  
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Figure 10.7 (A) The TG traces of B·MFx composites heated in Ar/O2 flow at 5 K/min [239] 
(B) Fluorine retained in Bi- and Co-bearing phases in B·MFx composites heated in Ar/O2 
and Ar flows, normalized by the initial fluorine mass. Fluorine fractions retained in BiF3 
and CoF2 heated in air are also plotted for reference. 
A small, low-temperature mass loss seen for both composites in Figure 10.7(A) is 
due to loss of water from hydrated oxide covering boron. For both composites, this initial 
mass loss overlaps with a slow mass gain, which accelerates with temperature. The mass 
gain traces in TG correlate with exothermic features in the respective DTA traces for both 
composites. Comparing Figures 10.7(A) and 10.7(B) suggests that the decomposition of 
both BiF3 and CoF2 occurs simultaneously with the oxidation. Fluorine loss from the 
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fluorides heated in air mostly coincides with that observed for the fluorides homogenized 
with boron and heated in Ar. It is thus likely that the reactions (both boron fluorination and 
ensuing oxidation of boron and reduced Bi and Co) are rate controlled by the 
decomposition of the respective fluorides, similar to the rate-controlling mechanism for 
Si·MFx composites.  
The observations may be expanded to washed boron and new boron-based 
composites, WB·MFx and NewB·MFx as they exhibit the same TG/DTA features except for 
the initial mass loss attributed to loss of hydration layer.  
Effect of Fluoride on Oxidation of B and Si in Fuel-rich B·MFx and Si·MFx 
composites:  
The experimental mass gain in Ar/O2 and mass loss in Ar for both Si·MFx and B·MFx 
composites are collected in Table 10.4 along with the theoretically calculated mass changes 
accounting for the actual fluorine content in the milled samples (Table 10.1). For 
comparison, experiments on oxidation of milled silicon and boron powders similarly 
heated in Ar/O2 were performed and the results are included in Table 10.4.  
The extent of either fluorination occurring in Ar or the combined reaction including 
both fluorination and oxidation occurring in Ar/O2 can be evaluated comparing measured 
  and calculated   mass changes: = ∆
∆
∙ 100% . In Ar, the mass loss   is 
measured directly and  is calculated as the total mass of BF3 formed upon the complete 
reduction of the fluoride contained in the composite. In Ar/O2, the lower bound for the 
theoretical mass change includes the mass loss due to fluorination of boron using all the 
available fluoride and mass gain due the complete oxidation of the remaining boron. The 
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upper bound for the theoretical mass change accounts also for oxidation of the reduced 
metal. 
For both Si- and B-based compositions, the experimental mass losses in Ar are 
nearly the same or even slightly higher than the calculated ones. The experimental mass 
losses are likely amplified due to the evaporation of adsorbed process control agent used 
during milling and water (from hydrated surface oxide for boron). Despite this possible 
error, the results suggest the complete fluorination occurring in Ar for both Si·MFx and 
B·MFx composites.  
Table 10.4 Mass Changes for Si·MFx and B·MFx Composites and for Milled Si and B 
Powders heated to 973 K in both Ar/O2 and Ar Environments (Observed and Predicted 
Assuming the Complete Fluorination and Oxidation) as well as the Inferred Degrees of 
Reaction 
Sample 

















Si-milled 0 [319] 114 0 - - - 
Si·BiF3 15.4 [319] 54a-57b 42-45 -8.8 [319] -9 99 
Si·CoF2 0.6 [319] 49-57 42-49 -23.3 [319] -22 100 
SB95 milled 40.8 222 18 - - - 
B·BiF3 36.5 [239] 107-112 45-47 -13.4 [239] -11 100 
B·CoF2 47.0 [239] 103-111 64-70 -24.8 [239] -23 100 
WB·BiF3 37.6 [239] 107-112 44-45 -11 -11 100 
WB·CoF2 43.9 [239] 103-111 60-65 -23 -23 100 
a/b The upper and lower bounds are theoretical mass gain with and without oxidation of 
reduced metals Bi, Co or Ni.  
Assuming the same complete fluorination in Ar/O2, both Si·MFx composites show 
the degree of oxidation of over 40 %. For comparison, milled silicon heated to the same 
temperatures was not observed to oxidize at all. Milled 8-year old boron heated in Ar/O2 
gains mass, indicating its oxidation by approximately 18%. The observed degree of boron 
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oxidation for both B·MFx composites is two to three times greater. The degree of oxidation 
is greater for B·CoF2 containing more fluorine per mole of boron than B·BiF3 with the 
same 50/50 wt % of boron and metal fluoride. 
In summary, for both B- and Si-based composites, fluorination accelerates 
oxidation of the excess fuel substantially. It is likely that the evaporating products of 
fluorination generate fresh fuel surface readily reacting when exposed to an oxidizing gas 
environment.  
10.5 Reactions Leading to Ignition in Al·MFx, Si·MFx and B·MFx Composites 
The composites heated on the nickel-chromium filament burned with visible differences, 
as illustrated in Figure 10.8.  A typical gas phase combustion plume was observed for 
Al·BiF3 while Al·CoF2 and Al·NiF2 (not shown in Figure 10.8) exhibited distinct burning 
particles, indicative of heterogeneous combustion. Composites with silicon or boron with 
different fluorides always produced gas-phase combustion plume. However, when recently 
acquired boron was used to prepare composites, the gas phase plume was not observed for 
the ignited NewB·CoF2 composite.  
 
Figure 10.8 High-speed videography frames typical for different composites ignited on the 




Ignition temperatures for different composites are plotted vs. heating rate in Figure 
10.9. Ignition temperatures for Al·CoF2 and Al·NiF2 are close to each other (Figure 10.9A). 
For Al·BiF3, ignition temperature increases faster with the increase in heating rate than for 
other Al-based composites, suggesting a lower activation energy for the respective rate-
limiting reaction.  
Significantly lower ignition temperatures are observed for Si·BiF3 compared to 
Si·CoF2 (Figure 10.9B). For B-based composites (Figure 10.9C), reduced, nearly the same 
ignition temperatures are observed when aged, 8-year-old boron-served as a starting 
material for both B·BiF3 and B·CoF2. However, the ignition temperatures increased and 
became affected by the type of fluoride for composites prepared with washed or new boron 
as starting materials. Both the NewB·BiF3 and WB·BiF3 have the same ignition 
temperatures that are lower than those for NewB·CoF2 and WB·CoF2 (although the latter 
two are also effectively the same).  
Interestingly, for both Si- and B-based composites (with washed or new boron), the 
ignition temperatures are similar to each other when either BiF3 or CoF2 are used as 
oxidizers. Thermo-analytical experiments discussed earlier suggested that for these 
materials, exothermic reactions are rate-limited by thermal decomposition of the respective 









































Figure 10.9 Ignition temperatures of (A) Aluminum-based compositions: Al·BiF3, 
Al·CoF2, and Al·NiF2 [273], (B) Silicon-based compositions [319]: Si·BiF3 and Si·CoF2, 
and (C) Boron-based compositions: B·BiF3, B·CoF2, WB·BiF3, and WB·CoF2 [239] along 
with NewB·BiF3, and NewB·CoF2, as a function of heating rates employed.  
Reactions possibly leading to ignition are explored from Kissinger plots [333] 
combining features identified in thermoanalytical experiments with ignition temperatures, 
as shown in Figures 10.10 – 10.12. Dashed lines show schematically groups of points that 





































Figure 10.10 Kissinger plot combining features of thermo-analytical measurements with 
ignition temperatures of Al·MFx composites. 
For Al·BiF3 (Figure 10.10A), ignition points show a very strong effect of heating 
rate and do not line up with trends implied by thermal analysis. However, the Exo I peaks 
(cf. Figure 10.2A) observed at lowest temperatures are more likely to correlate with 
ignition than Exo II peaks, which occur at the same temperature as ignition, but at a much 
lower heating rate.  
For Al·CoF2 and Al·NiF2, (Figures 10.10B and 10C, respectively) the onsets of 
mass gain and Exo I peaks observed in Ar/O2 runs (cf. Figures 10.3A and 4A) roughly align 
with their respective ignition data. Respective apparent activation energies recovered from 
the Kissinger plots are given in Table 10.5. The activation energies are effectively the same 
for the mass gain and ignition measurements. It is thus possible to conclude that the redox 
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reaction fluorinating Al and accompanied by its oxidation led to ignition in both Al·CoF2, 
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Figure 10.11 Kissinger plot combining features of thermo-analytical measurements with 
ignition temperatures of Si·MFx composite. 
Kissinger plots for Si·CoF2 in Figure 10.11 show correlations between temperatures 
of onset of mass loss observed in TG runs in Ar and ignition temperatures. For Si·BiF3, the 
mass gain onset for TG in Ar/O2 occurs at nearly the same temperatures as mass loss in Ar; 
thus, both data sets correlate with ignition. Activation energies for the mass gain and 
ignition shown in Table 10.5 are also comparable to each other. Thus, it can be concluded 
that the fluorination of Si causes ignition for both composites. The mass gain for Si·CoF2 
heated in Ar/O2 occurs at a lower temperature; it is likely caused by oxidation of Co formed 
by reducing CoF2 during milling, which is not the reaction causing ignition.  
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Figure 10.12 Kissinger plot combining features of thermo-analytical measurements with 
ignition temperatures of WB·MFx composites. 
For boron-based composites, ignition occurred at the same low temperatures for 
both composites prepared using aged boron (Figure 10.9), and the effect of fluoride was 
only noted when washed or newly received boron were used. Respectively, in Figure 10.12, 
Kissinger plots are shown only using data for WB·MFx. For these data sets (see Ref. [239] 
for details) clear correlations between mass gain onset temperatures and ignition 
temperatures are observed. Apparent activation energies for respective measurements are 
also comparable for both processes for WB·CoF2 (Table 10.5). The activation energies for 
mass gain in TG measurements and ignition are not close to each other for WB·BiF3; 
however, the accuracy of this assessment, especially for ignition experiments, is low. Thus, 
it is reasonable to conclude that the fluorination of boron accompanied by its oxidation lead 
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to ignition for these materials. Interestingly, the major exotherms are observed at much 
higher temperatures in thermo-analytical measurements; they do not seem to affect ignition.  
Table 10.5 The Activation Energy Obtained from Relevant Thermo-Analytical Features 
and the Apparent Activation Energy from Ignition Temperatures of Surveyed Composites 




Activation energy, kJ/mol 
Thermal analysis Ignition, 
Al·BiF3 No correlation a 14 
Al·CoF2 Mass gain onset  53 48 
Al·NiF2 49 50 
Si·BiF3 Mass gain onset 67 53 [319] 
Si·CoF2 Mass loss onset unavailable 172 [319] 
B·BiF3  No correlation a  21 [239] 
B·CoF2  No correlation a 21 [239] 
WB·BiF3 Mass gain onset  106 [239] 49 [239] 
WB·CoF2 118 [239] 92 [239] 
a No correlation was observed between thermo-analytical features and ignition data points as seen in Figure. 
10.10, 10.11 and 10.12.  
10.6 Conclusions 
Fuel-rich reactive nano-composite powders with Al, B, and Si as fuels combined by 
arrested reactive milling with inorganic fluorides, BiF3, CoF2 and NiF2, as oxidizers begin 
reacting exothermically upon heating and ignite when heated rapidly in presence of 
external gaseous oxidizers at much lower temperatures than respective neat fuel powders.  
For all composites including BiF3 as an oxidizer, the ignition is rate-limited by its 
thermal decomposition. This decomposition is delayed in presence of layers of alumina or 
silica grown in the gaseous oxidizers at the exposed interfaces of the composite material 
and adding diffusion barriers to the decomposing fluoride. This effect may be negligible, 
however, when the material is heated rapidly. During milling with fuel powders to prepare 
323 
 
the reactive composite, metal fluorides (BiF3, in particular) are partially reacting releasing 
some fluorine; the effect is strongest with Al and it is weakest with B.  
For the composites with CoF2 and NiF2 as oxidizers combined with Al as fuel, the 
ignition is rate-limited by the redox fluorination reaction governed by diffusion of the 
reacting species towards each other. It is likely that diffusion of Al through the growing 
AlF3 layer is the controlling process. When CoF2 is combined with Si or B as fuels, the 
ignition occurs at higher temperatures than for Al and is rate-limited by thermal 
decomposition of the fluoride.   
For all composites exposed to an external gaseous oxidizer, heterogeneous 
fluorination starting at low temperatures accelerates simultaneous oxidation of both excess 
fuel present in the composite and the metal reduced from the initial fluoride. The 
mechanisms for such an accelerated oxidation include generation of fresh exposed surface 
due to formation of the volatile products of fluorination and the effect of the reduced metal 
serving as shuttle catalyst for oxidation. For thermoanalytical experiments performed using 
low heating rate, this leads to a more complete oxidation of the fuel. At high heating rates, 
the heat release from both fluorination and oxidation contributes to the temperature 
runaway leading to ignition.  
For composites prepared using aged boron with a developed surface layer of boric 
acid, decomposition of the fluoride and ensuing ignition are catalyzed by dehydration of 
the boric acid occurring at a lower temperature than other reactions. In that case, ignition 
is not affected by the specific type of the fluoride used in the composite. Conversely, if 
boron is recently synthesized or preliminarily washed so that it has a relatively clean 
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surface, respective composite ignite at higher and distinctly different temperatures when 
different fluorides serve as oxidizers.  
In all cases, it is observed that the propensity of the reduced metal to alloy with the 
excess fuel used in the composite impedes the redox reaction. For B- and Si- based 





















11.1 Inorganic Fluorides as Oxidizers in Reactive Materials 
The current-state of art of fluorine-based oxidizers was surveyed to identify open issues 
and challenges for use of such oxidizers in reactive materials. The commonly employed 
source of fluorine were fluoropolymers, primarily PTFE and PVDF. Despite finding use in 
several pyrotechnic formulations, such as flares, incendiaries, reactive fragments and agent 
defeat payloads, the polymeric sources of fluorine suffer from some shortcomings. The 
fluoropolymers had to undergo thermal decomposition where gaseous CFx species 
generated would then fluorinate widely-used fuels such as aluminum and boron. The multi-
stage fluorination process required the cleavage of polymer backbone: carbon-carbon 
bonds and, subsequently, carbon-fluorine bonds before fluorination could commence, 
imposing kinetic reaction rate limits. Only very reactive fuel, such as magnesium, could 
cleave the strong carbon-fluorine bond and react directly. Further the energetic material 
employing fluoropolymers were sensitive and suffered from handling concerns typical in 
thermites and compositions employing nitrate and perchlorate oxidizers.  
To preserve the benefits of fluorination-driven or assisted reaction pathways, such 
as easily vaporized combustion products and faster reaction kinetics, inorganic sources of 
fluorine were studied in this work.  
The preliminary work exploring use of metal fluorides as oxidizers involved the 
use of bismuth (III) fluoride and cobalt (II) fluoride. The fluorides were considered as 
fluorine-based analogs of conventionally used transition-metal oxide oxidizers in 
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thermites; respectively, aluminum was initially chosen as fuel to enable comparisons 
between analogous aluminum-metal oxide reactive materials.     
Fuel-rich composites (referred as 50Al·50MFx) containing 50-50 wt. % of 
aluminum and fluoride were prepared by mechanical milling. Though some fluoride was 
reduced during milling, the prepared composites had extensive volumetric distribution of 
fluorides as inclusions in an aluminum matrix.  Thermally initiated exothermic reactions 
were observed at the temperatures, lower than previously observed for any other 
aluminum-based reactive powders. The low-temperature reactions were rate-limited by the 
fluorination of aluminum by the fluoride oxidizers. The presence of a strong reducing agent 
such as aluminum was expected to aid the decomposition of the fluoride. The obtained 
activation energies close to 130 and 200-250 kJ/mol were interpreted as the freeing of the 
fluoride ions in the presence of aluminum from CoF2 and BiF3 respectively. 
The composites heated in oxidizing environments exhibited low-temperature mass 
gain not expected for similar sized aluminum powder. The oxidation of the reduced metals; 
Co and Bi was suggested to accompany the fluorination of the aluminum by CoF2 and BiF3. 
The aluminum matrix that is in close contact with the oxidizing reduced metals is expected 
to oxidize at lower temperatures through thermitic reaction. There is an observable 
difference between the two samples: in 50Al·50CoF2 oxidation of reduced Co begins 
almost as soon as fluorination generates fresh Co; conversely, in 50Al·50BiF3, oxidation of 
Bi occurs after all of BiF3 is reduced. The prepared composites irrespective of fluoride 
employed, exhibit very low ignition temperatures.  The fluorination kinetics are anticipated 
to govern ignition in these composites.  Despite the fast reaction kinetics and low ignition 
temperatures, the fluoride-based composites are insensitive to ignition by electrostatic 
327 
 
discharge (ESD) making them safer alternatives to conventional oxide-based 
nanocomposite thermites of aluminum.  
The particle combustion behavior for prepared nanocomposite powders was tested 
in three different atmospheres of practical importance. Combustion in air was pursued 
because the excess-fuel in the composite requires external oxidizer to burn completely, 
similar to conditions propellants combust in. An environment of hydrocarbon combustion 
products, CO2 and H2O, generated by an air-acetylene flame was pursued to study the 
chemical interactions between composites and hydrocarbon binders employed to prepare 
propellant sticks. Lastly, combustion in super-heated steam generated by air-hydrogen 
flame, was pursued to simulate underwater applications.  
Both 50Al·50BiF3 and 50Al·50CoF2 burned rapidly in air with shorter burn times 
than aluminum particle of a comparable size. But in the presence of super-heated water 
vapor present in both hydro-carbon and hydrogen flame, the burn rates were comparable 
to reference aluminum. 50Al·50BiF3 composite burned faster than 50Al·50CoF2 across all 
three atmospheres surveyed.  
The 50Al·50BiF3 composite particles burn in gas-phase initially and as reaction 
progresses and more fuel is consumed, transitions into heterogenous combustion. The 
volatile reduced Bi is expected to participate and enhance the observed gas-phase 
combustion. The experimentally obtained flame temperature is limited by the boiling point 
of alumina. Particles of 50Al·50CoF2 burned in a heterogenous manner at a flame 
temperature limited by the boiling point of aluminum due to presence of more refractory 
reduced Co post fluorination. The presence of high-temperature H2O delays aluminum 
ignition through fluorination, as cannibalistic side reactions between water vapor and 
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fluorides result in formation of HF, which is a poor fluorinating agent in the case of 
aluminum.   
The benefits of fluorination through the use of fluorides were extended to improve 
ignition and combustion of a different fuel: boron. Boron is a distinctly different material 
that is mechanically hard, agglomerated, amorphous and is chemically carbon-like, with a 
low melting and boiling oxide that converts into hydroxide in ambient atmosphere. Further, 
due to the interplay of its physical properties and oxygen-based chemistry, boron ignites as 
substantially high temperatures and undergoes sluggish two-stage combustion involving 
formation, oxidation and vaporization of suboxides and oxides.  
Towards this end, fuel-rich composites containing 50-50 wt. % of boron and the 
previously used fluorides, BiF3 and CoF2 (referred as 50B·50MFx) were prepared by 
mechanical milling and studied. Additionally, comparable composites with washed-boron 
(referred as 50WB·50MFx) were also prepared. The washed-boron samples were 
comparable to the as-received boron samples in all aspects except that the washed-boron 
samples were devoid of surface oxide/hydroxide. The two-sets of composites were 
characterized alongside to probe the role of surface hydroxide in fluoride-initiated reaction.  
Despite some fluoride reduction during preparation, very fine nanometric 
distribution of oxidizers was achieved over unaltered boron primary particles ranging from 
100 nm to a few micrometers. Formation of gas-phase fluorination products, primarily BF3 
as a result of low-temperature heterogenous reaction was confirmed through mass-
spectrometry in inert gas. The reduced cobalt forms borides, while reduced bismuth is 
observed as nanometric to submicron inclusions that do not alloy or react with boron. In 
oxygenated atmospheres, the onset of fluorination initiates simultaneous oxidation at 
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temperatures lower than observed for the boron powder used to prepare the composite 
materials. The two reduced metals proceed to form tertiary oxides with the oxidizing boron.  
As was observed for aluminum-metal fluoride composites, the boron-based 
composites too were insensitive to initiation by ESD but were easily ignited when heated. 
The boron-based composites, 50B·50BiF3 and 50B·50CoF2 exhibited very low ignition 
temperatures that were comparable over a range of heating rates tested, irrespective of 
fluoride used. The washed boron-based composites ignited at slightly higher temperatures 
and showed fluoride-dependent behavior, with 50WB·50BiF3 igniting at lower temperature 
than 50WB·50CoF2. The formation of Co-B intermetallics may be stalling fluorination.  
The ignition in all the prepared composites is driven by oxidation initiated by and 
coupled with low-temperature fluorination. The hydrated oxide layer in 50B·50MFx 
composites is destroyed by reaction with the added fluorides at very-low temperatures, 
possibly initiating ignition through fluorination of boron by fluorine-bearing species such 
as HF. In the washed-boron composites, 50WB·50MFx, the lack of hydroxide layer results 
in heterogenous reaction at higher-temperatures between fluoride and boron, which govern 
ignition.  
The combustion behavior of the boron-based composites were similarly tested in 
oxygenated and water vapor-rich environments as in the case of 50Al·50MFx. The boron-
based composites powders containing either BiF3 or CoF2 burned faster in air than 
elemental boron. The combustion process was observed to be a single stage event unlike 
in boron. The combustion mechanism is suggested to be altered due to faster fluorination 
assisted oxidation of the boron through formation of gaseous BF3 and BOF products. There 
was no difference in composites prepared with as-received boron or washed boron as the 
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role of the oxide layer is limited to ignition. The boron-based composites too like 
50Al·50MFx exhibit no improvement in burn times in atmospheres with significant H2O.  
This is chalked up to be due to fluorination of boron by HF is kinetically slow but may be 
energetically favorable as the partially reacted boron in HBO2 formed in hydrogenated 
atmospheres is fluorinated into BOF.  
Since, the addition of fluorides improved ignition and combustion behavior of a 
metalloid fuel such as boron in air, silicon-based compositions were pursued to access the 
differences in a variety of fuels. Silicon powders with nascent oxide layer, exhibit very 
slow oxidation and high ignition temperature due to diffusion-limited reactivity with 
external gaseous oxidizers. The refractory fuel burns heterogeneously like boron. 
Fluorination of silicon offers faster reaction kinetics and gaseous reaction products that do 
not stifle surface reactions with air. 
Composites with BiF3/CoF2 and 50 wt. % crystalline silicon were prepared using 
premilled silicon to achieve nanoscale mixing of the components. Preparation of 
50Si·50BiF3 could not avoid reduction in fluoride while the prepared 50Si·50CoF2 retained 
almost all the added fluoride. Both prepared composites show reactivity and oxidize at low 
temperatures, unlike silicon. The 50Si·50CoF2 composite heated in oxygenated 
environment oxidized at slightly lower temperatures than observed fluorination suggesting 
presence of some poorly crystalline Co reduced during milling. The composite with BiF3 
as oxidizer had very low-temperature simultaneous oxidation and fluorination. The 
presence of reduced Bi and Co accelerate silicon oxidation upon heating it in oxygenated 
atmospheres.   
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The prepared silicon-based composites ignited by ohmic heating on a nichrome 
filament contrary to elemental crystalline silicon. Over a range of heating rates, the 
composite with BiF3 shows consistently low ignition temperatures as compared to 
composites with CoF2. The activation energies associated to ignition in 50Si·50BiF3 and 
50Si·50CoF2 were 62 and 140 kJ/mol respectively. The observed activation energy in BiF3 
containing composite is comparable to fluorination of silicon by elemental fluorine gas. 
The fluorination-driven oxidation is likely associated with ignition in both samples.  
The 50Si·50BiF3 composite powder ignited readily when passed through CO2 laser 
beam in ambient conditions while 50Si·50CoF2 could not be ignited. The measured particle 
burn times was comparable to other aluminum and boron based composites containing BiF3. 
11.2 Effect of Fuel Content: Developing Fuel-rich Compositions 
With established improvement in ignition and combustion behavior of fluoride-based 
composites over pure elemental fuels in air, the improvement in fuel characteristics while 
reducing the fluoride content was of interest. Towards this end, a new oxidizer, nickel (II) 
fluoride was combined with aluminum. The chosen fluoride while being chemically 
comparable to CoF2, is non-hydroscopic and more stable in air. In addition, the reduced 
metal, nickel, is capable of highly exothermic intermetallic reactions with aluminum.  
To ensure comparability with previously studied 50Al·50MFx composites, 
composition with 50 wt. % aluminum was prepared by mechanical milling and 
characterized along with more fuel-rich compositions containing 70 wt. % aluminum. The 
milling parameters were successfully tuned in 70Al·30NiF2 minimizing reactions during 
milling between aluminum and NiF2 while achieving good mixing homogeneity.  The 
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milling parameters have not been specifically adjusted for preparing 50Al·50NiF2; this 
could be addressed in future work.  
An exothermic heterogenous reaction between aluminum and NiF2 below 473 K 
was observed with a low activation energy of 80-85 kJ/mol; it likely governs the ignition 
in the composite like other studied aluminum-metal fluoride composites. In both inert and 
oxidizing environments, the composites showed formation of Al-Ni intermetallics 
alongside fluorination. The ignition temperatures of both poorly refined 50Al·50NiF2 and 
effectively tuned 70Al·30NiF2, were very low and comparable to that of 50Al·50CoF2.   
As previously characterized in other aluminum-metal fluoride composites, the 
addition of NiF2 oxidizer reduced burn times of composite particles with both 50 and 70 
wt. % of aluminum in air as compared to similar sized spherical aluminum particles. The 
50Al·50NiF2 burns heterogeneously like 50Al·50CoF2 with its flame temperatures limited 
by aluminum boiling point. The more fuel-rich 70Al·30NiF2 composite burn with a flame 
temperature exceeding the aluminum boiling point suggesting presence of vapor-phase 
reactions. Burn times of the prepared NiF2-based composites in hydrocarbon flame do not 
show any improvement over aluminum as expected from prior experimentation. The 
constant volume explosion experiments of aerosolized 70Al·30NiF2 composite powders 
performed in air show very short ignition-delays and pressures comparable or exceeding 
reference spherical aluminum powders while nearly matching the predicted pressures from 
equilibrium calculations.  
Similar studies were undertaken to prepare and characterize fuel-rich boron-based 
compositions to isolate the effect of fuel content on ignition and combustion characteristics 
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in air. The volatile, non-alloying metal containing fluoride, BiF3 was chosen as oxidizer 
over CoF2. 
B·BiF3 composites with increasing boron contents of 60, 70, and 90 wt. % were 
prepared by arrested reactive milling. To isolate the role of Bi in boron’s combustion, two 
B·Bi composites with Bi mass fraction comparable to that of two of boron-bismuth fluoride 
composites were also prepared. 
The presence of BiF3 or Bi reduces the temperature of stepwise oxidation of boron 
heated in an oxygenated environment. The effect of BiF3 is assigned to fluorination 
involving boric acid/hydroxide intrinsic to boron. The effect of Bi is assigned to its 
selective oxidation and subsequent reduction by boron, making it a shuttle catalyst. The 
addition of BiF3 to boron even in quantities as small as 10 wt.%, significantly reduces the 
ignition temperatures and accelerates combustion in air. Furthermore, adding only bismuth, 
a relatively volatile metal, also leads to reduced ignition temperature and burn times of 
boron aggregates. An increase in amount of bismuth above 8% does not make burn times 
any shorter, although it does lead to higher combustion temperatures. The benefit of 
reduced Bi, post fluorination, is akin to the addition of Fe to boron improving its 
combustion, while Co addition does not improve combustion.  
To further improve dispersion of small quantity of fluorides onto fuels, solvent 
metathesis coating process in aqueous media was developed. Individual nanometric BiF3 
particles with a narrow size distribution centered at 60 nm were deposited onto amorphous 
boron to target 5 and 10 wt. % of BiF3. The coating was homogenous and scaled with 
surface area of the host boron particle/agglomerate. The prepared coated powders when 
heated in oxygenated flow exhibit a strong oxidative step, at a temperature lower than 
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amorphous or crystalline boron and oxidize to a larger extent as well. The 90B·10BiF3 
coated powder was ignitable at temperatures comparable to milled 90B·10BiF3 composite 
powders. The improved oxidative behavior at lower temperatures is suggested to proceed 
sufficiently fast at higher heating rates to drive ignition in 90B·10BiF3. In single particle 
combustion experiments in air, the coated 90B·10BiF3 burns faster than boron. The 
95B·5BiF3 coated powder does not show significant difference in burn items as compared 
to boron particles of comparable sizes. The analysis of quenched particles combusting in 
air, show the presence of refractory boron nitrides, leading to retention of Bi-bearing 
condensed species even at temperatures far superseding the Bi boiling point. The release 
of the dissolved nitrogen in the later phase of combustion is suggested as the reason for the 
oscillatory feature observed in single particle emission pulses recorded during 
experimentation. The constant volume experiments conducted in air, show significant 
increase in peak pressures and rate of pressurization in coated powders over boron. 
Specifically, both the peak pressure and rate of pressurization observed in 90B·10BiF3 
coated powder exceed those of fine spherical aluminum powder. This improved 
combustion characteristic is an interplay of reduced ignition temperature, accelerated burn 
rates and improved flowability of prepared coated powders.  
11.3 Ignition Mechanism 
The ignition in fluoride-oxidizer based composites employing metal, and metalloid fuels 
have been reviewed, with particular interest in fuel-rich compositions expected to burn in 
external gaseous oxidizers. The Al·MFx and Si·MFx, composites exhibit very low ignition 
temperatures that are driven by onset of low-temperature oxidation initiated by fluorination 
reactions. Ignition in aged-boron containing B·MFx composites is driven by the accelerated 
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fluorination of the blanketing hydrated/hydroxide layer by the added fluoride oxidizer. 
Fresh-boron/washed-boron containing composites with little to no-hydrated oxide layer 
exhibit ignition driven by fluorination-initiated oxidation similar to Al·MFx and Si·MFx, 
composites. 
The low-temperature fluorination reaction mechanisms in different composites was 
found to be dependent on the properties of both metallic fuel and metal fluoride. Fluorides 
by themselves decompose at different temperatures when heated in oxidizing atmospheres 
devoid of fluorine, directly into their oxides (in case of CoF2 and NiF2) or via oxyfluorides 
(as seen in BiF3). BiF3 acted as fluorine carrier and fluorinated via decomposition, 
irrespective of reactivity of fuel used. Both CoF2 or NiF2 were reduced through solid-state 
redox reactions in the case of the more reactive fuel, aluminum but fluorinated through 
decomposition in the case of less-reactive metalloid fuels: silicon, and boron. 
The fluorination-driven oxidation, vital for ignition of fuel-rich compositions is 
improved in the studied composites. The reduced metals are suggested to oxidize and 
function as shuttle oxidizers, assisting in fuel oxidation in Al·MFx. Intermetallic reactions 
between aluminum and reduced metal from the metal-fluoride impede both fluorination 
and oxidation as observed in the case of Al·NiF2. Non-alloying bismuth is particularly 
effective as a shuttle catalyst for high-temperature oxidation. Fresh surface created by 
fluorination and the simultaneous destruction of oxide scales, especially in the case of 
metalloid fuels Si and B that form gaseous fluorides, aids rapid oxidation of the fuel.   
11.4 Future Work 
The improvement of composite preparation techniques involving gentler milling 
processes are necessary for fluoride containing compositions as milling deteriorates the 
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added fluoride. Tuning milling parameters such as milling media size, milling temperature, 
process control agent and employing smaller sized powders, are still to be fully explored. 
The use of process control agents such as acetonitrile have shown favorable reduction in 
particle size and improved interface chemistry due to the introduced nitrile species. Milling 
in cryogenic temperatures may be explored as the reduced thermal incentive during milling 
may slow fluoride deterioration; this may be particularly relevant for BiF3-bearing systems. 
The extension of solvent-based coating procedure to non-aqueous media would be 
of benefit when using more reactive fuels such as aluminum and aluminum-magnesium 
alloys. The insolubility of nitrate precursors in non-polar solvents is the limiting step in the 
process. Alternate non-nitrate precursors may be identified to deposit fluoride oxidizers 
else, mixed-liquid solvents such as cyclic ring ether and hexane may be pursued that exhibit 
reasonable dissolution of fluoride/nitrate precursors. The benefit of non-aqueous media 
coating process could allow the in-situ coating of freshly precipitated nanometric fuel 
particles from sol-gel synthesis techniques.  
Additional characterization of pursued composite powders is necessary. The 
initiation of the powders through shock-compression and flash-heating would be of interest 
to probe applicability of composites as additives in explosive compositions, especially 
boron/silicon-based gas-generating composites. To follow reactivity in nano and pico-
second time frames, ultra-fast IR emission spectrometry coupled with pressure and 
temperature measurements would be of value.  
Further studies of electrostatic discharge insensitivity displayed by the studied 
composites through impedance spectrometry would be useful to understand spark behavior 
essential in developing fluoride-based thermite analog composites. The friction and 
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impact-based initiation of fluoride containing composites would aid sensitivity 
characterization as well.   
The large number of fluorides offer a choice in oxidizers that may exhibit difference 
in behavior as noted in this work. Based on their properties such as, thermal stability in air, 
boiling point of metal in the fluoride, and propensity of metal in fluoride to alloy with fuel 
employed, some fluorides such as BiF3, are of interest over others. Some of the discussed 
data of the fluorides are presented in the Appendix C, along with thermodynamic reaction 
enthalpy expected in different fluoride and fuel systems and the calculated adiabatic flame 
temperatures. Additional factors such as cost, toxicity, hygroscopicity of the fluoride, 
should be considered along with the previously listed properties to develop a wholistic 






CHEMICAL EQUILIBRIUM CALCULATIONS USING NASA CEA CODE 
A1 Adiabatic Flame Temperature and Equilibrium Combustion Products of Al·CoF2 
Temperatures and species present during combustion of the aluminum-metal fluoride 
composites in different environments were initially estimated using NASA CEA 
thermodynamic equilibrium code [293]. Due to the lack of bismuth-bearing species in the 
database, the estimates were limited to Al·CoF2, the sample with a higher fluorine content. 
The behavior of the Al·BiF3 composite is expected to be qualitatively similar.  
First, calculations were performed for the bare air-acetylene and air-hydrogen 
flames employed here. These flames generated oxidizing environments consisting of 
mixtures of CO, CO2, H2O (mole ratio of 0.28/0.39/0.28 with the rest being H and H2) at 
2600 K for air-acetylene flames, and mixtures of H2O and O2 (mole ratio of 0.99/0.01) at 
2400 K for air-hydrogen flames.  The Al·CoF2 composite, treated as a combination of Al 
and CoF2, was then introduced into these environments at the respective temperatures.  A 
separate calculation was performed for Al·CoF2 in air.  
The equivalence ratio for calculations involving Al·CoF2 as an inorganic fuel varied. 
This variation may be considered as representative of conditions at different distances from 
the surface of burning particles. The equivalence ratio was calculated assuming that 
aluminum was the fuel and the oxygen-containing species along with the fluorides were 
oxidizers. The equivalence ratio was varied by changing the amount of the composite in 
the reactant mix, while other species were kept constant. The adiabatic flame temperature 
along with the major gaseous combustion products are presented as a function of 
equivalence ratio in Figure A1, for each of the cases considered. The reduced cobalt forms 
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a condensed phase oxide. For Al·BiF3 composite, the same Al-bearing gaseous products 































































Figure A1 The adiabatic flame temperatures for Al·CoF2 composite and corresponding 
major combustion products formed as a function of equivalence ratio obtained using NASA 
CEA code [293] for different combustion environments. 
The temperatures expected in air are very high and most combustion products 
including all fluorinated species are expected to volatilize. The highest temperature 
calculated is ~ 3500 K at an equivalence of 1.5. The primary fluorinated products formed 
in the slightly fuel-rich conditions are AlF and AlOF along with the volatile sub-oxide Al2O. 
These species are expected to be the primary surface reaction products. On the other-hand, 
HF and F are predicted to form along with AlF3 and alumina in fuel lean conditions. In the 
air-acetylene and air-hydrogen flames, the adiabatic temperatures are only slightly higher 
than the initial environment temperatures (or those of the gas flame products). In fuel-rich 
conditions, the temperature in both anaerobic environments drops. HF is the primary 
product across a range of equivalence ratios. Only at very fuel-rich conditions, AlF is 
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expected. The surface reactions in both oxygen-starved atmospheres yield HF and Al2O3 
with small amounts of AlF.   
A2 Adiabatic Flame Temperature and Equilibrium Combustion Products of Si·CoF2 
The adiabatic flame temperature and predicted mole fraction of the products of 
50Si·50CoF2 burning in air and calculated by NASA CEA code [340] are presented as a 
function of equivalence ratio in Figure A2. The calculations were performed for the 
constant pressure, 1 atm. The highest adiabatic flame temperature of ~ 2750K is predicted 
for the equivalence ratio range of 0.8-1.  
In fuel-lean conditions (φ<<1) where lower adiabatic temperatures are expected, 
gaseous SiO was predicted to be the primary product with substantial gaseous F and Co 
species. The primary fluorinated product in the fuel-lean conditions is SiF3.  In fuel-rich 
conditions (φ>1), representative of chemistry on particle surface, considerable gasification 
of SiO2 observed along with SiO. The primary fluorinated product is expected to be the 
thermodynamically stable SiF4. Other fluorinated species such as HF and F are expected as 
well. Around the equivalence ratio of 0.8-1, the highest oxidation of silicon is observed 
with considerable gaseous and condensed phase SiO2, along with products such as SiF3 
and SiF4. The reduced cobalt could not be completely gasified across the range of 
equivalence ratios explored.  
A similar calculation for 50Si·50BiF3 was not run because thermodynamic data for 
bismuth species are lacking. A significant portion of the combustion products for 

























































Figure A2 The adiabatic flame temperatures for Si·CoF2 composite and corresponding 
major combustion products formed as a function of equivalence ratio obtained using NASA 
CEA code for different combustion environments 
A3 Adiabatic Flame Temperature and Equilibrium Combustion Products of Al·NiF2 
Combustion characteristics of Al·NiF2 in air at atmospheric pressure were initially 
estimated using NASA CEA thermodynamic equilibrium  code [293].  As a composite 
particle burns in air, the fuel/air ratio decreases with the distance from the particle surface. 
The vapor phase flame may be expected to form at a location where the adiabatic flame 
temperature is at its maximum. To consider this possible flame structure in calculations, 
the composite mole fraction (and thus, equivalence ratio) was systematically changed. The 
equivalence ratio was calculated considering the following global reaction: ∙ +
→ + +  .  The results are presented in Figure A3. The adiabatic 
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flame temperatures are plotted as a function of equivalence ratio, φ, for composites with 
50, 70, and 90 wt% of Al in Figure A3-A.  
The maximum temperatures for all three composites (~ 3500 K) are very similar 
and much higher than the sublimation temperature of the primary product AlF3. The 
adiabatic temperatures for the composites with 70 and 90 wt. % aluminum peak around 
φ≈1. For the less fuel-rich composition, with 50 wt. % aluminum, the temperature remains 
high in a broader range of equivalence ratios and peaks around φ≈2. 
The products are shown only for the composite with 50 wt. % Al in Figure A3-B. 
For fuel-lean conditions, substantial amounts of condensed products, molten Al2O3 and Ni 
are formed. The major gas products for fuel lean conditions are HF and AlF3. One can 
expect this to describe the products far away from the burning composite particle surface. 
As the conditions turn fuel-rich, the primary products are observed to be all gases AlF, 
AlOF and Al2O. Vapors of Al and Ni are also formed. Other species including F, AlF2, 
AlOH and Al2O2 are predicted to form in minor quantities. Formation of condensed Al2O3 
(leading to two-phase losses in propulsion systems) is suppressed thermodynamically 






























































Figure A3 The adiabatic flame temperatures for different Al·NiF2 composites burning in 
air (A) and major combustion products formed for 50 wt. % Al·NiF2 composite burning 





ADDITIONAL IMAGES AND CHARACTERIZATION DATA 
 
Figure B1 SEM images of composite powders: (A) 90B·10BiF3 and (B) 95B·5BiF3. 
2,o








Precipitated BiF 3 (cubic)
Composite powder 90B·10BiF 3
 
Figure B2 XRD plots of the precipitated sample of BiF3 and composite powder with 10% 
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Figure B3 The particle size distributions of the large batch prepared composite powders 
90B·10BiF3 and 95B·5BiF3, aluminum, boron obtained from light scattering experiments. 


















































Figure B4 XRD traces of (A) Al·BiF3, (B) Al·CoF2 [59], and (C) Al·NiF2 [273], heated at 































































































































Figure B5 Compositional detail of quenched (A) Al·BiF3, (B) Al·CoF2, and (C) Al·NiF2 
obtained from full pattern fitting of respective XRD traces.  
 
 
Figure B6 The time evolution of ignition in Al·BiF3, Al·CoF2 and Al·NiF2 composites 
obtained via high-speed videography of samples heated on heated-filament experiments. 




Figure B7 The time evolution of ignition in Si·BiF3 and Si·CoF2 composites obtained via 
high-speed videography of samples heated on heated-filament experiments. The 
temperature of the nichrome filament in each frame is provided as reference. 
 
Figure B8 The time evolution of ignition in NewB·BiF3 and NewB·CoF2 composites 
prepared from new boron freshly obtained from supplier, obtained via high-speed 
videography of samples heated on heated-filament experiments. The temperature of the 
nichrome filament in each frame is provided as reference. 
 
Figure B9 The time evolution of ignition in B·BiF3 (heating rate 15000K/s) and B·CoF2 
(heating rate 21000 K/s) composites prepared from 8-year-old boron powder, obtained 
via high-speed videography of samples heated on heated-filament experiments. The time 




DATABASE OF RELEVANT PROPERTIES OF FLUORIDES AS OXIDIZERS 
























TiF4 -1650 61.4 377 sublimes 3287 Y[341] 
VF4 -1403.3 59.9 325 sublimes 3407 Y[342] 
TiF3 - 54.4 1200 1400 3287 Y[341] 
NbF5 -1813.8 50.6 - 235 4744 Y[343] 
FeF3 -1041.8 50.5 1000 - 2860.8 Y[344] 
CoF3 -790.4 49.2 927 - 2927.1 N 
ZrF4 -1911.6 45.4 910 - 4409 Y[345] 
TiF2 -828.7 44.3 - - 3287 Y[341] 
SbF5 - 43.8 8.3 149.5 1586.6 Y[343] 
CrF2 -778.5 42.2 894 1300 2672 Y[346] 
MnF2 -855 40.9 856 1820 2061.1 Y[347] 
FeF2 -706.1 40.5 970 1100 2860.8 Y[344] 
NiF2 -657.9 39.3 1474 1750 2912.5 N 
CoF2 -671.5 39.2 1217 1400 2927.1 N 
SnF4 - 39 700 sublimes 2602 Y[348] 
NbF3 -1176.9 38 - 570 4744 Y[344] 
CuF2 -539.1 37.4 836 1676 2561.4 N 
ZnF2 -764.6 36.7 872 1500 907.27 - 
TaF5 -1903.6 34.4 96.8 229.5 5457 Y[349] 
InF3 -742.7 33.2 1172 - 2072 Y[350] 
SbF3 -915.5 31.9 292 376 1586.6 Y[343] 
BiF5 - 31.3 151.4 230 1564.3 Y[351] 
MoF2 -712.2 28.4 - - 4638.9 Y[352] 
PbF4 -941.8 26.8 600 - 1749 - 
AgF2 -360 26 690 decompos
es 
2162.3 - 
SnF2 -648.9 24.2 213 850 2602 Y[348] 
AuF3 -363.6 22.4 300 sublimes 2970 - 
BiF3 -909.4 21.4 649 - 1564.3 Y[351] 
TaF2 -753.5 17.4 - - 5457 Y[349] 
PbF2 -664 15.5 824 1293 1749 - 




Table C2 Enthalpy of Formation at 298K of Intermetallics of Aluminum and Common 
Metals whose Fluorides may Serve as Oxidizers 











kJ/mol of atoms 
Al-Zr 
[353, 354] 
Al3Zr 0.75 -51.6 
Al2Zr 0.67 -56 
Al3Zr2 0.6 -59.6 
AlZr 0.5 -71.3 
Al2Zr3 0.4 - 49 
AlZr2 0.33 -56.1 
AlZr3 0.25 -43.6 
Al-Ti 
[355] 
Al3Ti 0.75 -36.8 
Al2Ti 0.67 -40.1 
AlTi 0.5 -38 
Al-Ni 
[354, 356] 
Al3Ni 0.75 -37.65 
Al3 Ni2 0.6 -56.5 
AlNi 0.5 -59.2 
Al Ni3 0.25 -69.7 
Al-Fe 
[354, 356] 
Al5 Fe2 0.72 -20.5 
Al2Fe 0.67 -26.4 
AlFe 0.5 -25.1 
AlFe3 0.25 -16.7 
Al-Cr 
[357] 
Al13Cr2 0.87 -13.4 
Al11Cr2 0.85 -15 
Al4Cr 0.8 -17.2 
Al8Cr5 0.62 -16.9 
Al-V 
[354, 358] 
Al21V2 0.91 -8.4 
Al45V7 0.87 -16.5 
Al23V4 0.85 -18.03 
Al3V 0.75 -28.11 
Al8V5 0.61 -34 
Al-Co 
[354, 359] 
Al9Co2 0.82 -31.1 
Al13Co4 0.76 -40.3 
Al3Co 0.75 -42.7 
Al5Co2 0.71 -48.5 
AlCo 0.5 -54.2 
Al-Mn 
[354] 
Al2Mn3 0.4 -23.4 
AlMn4 0.2 -15.1 
Al-Mo 
[354] 
Al8Mo3 0.73 -33 
AlMo3 0.25 -22.3 
Al-Ta 
[354] 
Al3Ta 0.75 -29.9 
AlTa2 0.33 -19.9 
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Table C3 The Heat of Reaction Between Considered Fuel and Fluorides Along with 
Adiabatic Flame Temperatures of 50 wt. % fuel and 50 wt. % Fluoride Compositions in 
Air at Stoichiometric Conditions Calculated Using NASA CEA Thermodynamic 
Equilibrium Code [293]. The Phase Diagrams of the Considered Fuels and Metals Whose 
Fluorides are Prospective Oxidizers Along with Possibility of Intermetallic/Alloys in the 





r Heat of Fuel+ Fluoride 
reaction, at stoichiometric 
ratio, kJ/mol of Fuel 
Adiabatic Flame Temperature 
of 50 wt.% Fuel-50 wt.% 
Fluoride, °C 
Existence of alloys / 
intermetallics of fuel and 
metal in fluoride 
Al Si B Al Si B Al Si B 
Air -837.9 -911 -636.8 3264.6 2584.3 2572.3 - - - 
ZrF4 -76.2 296.6 297.7 2859.3 2552 2438 Y[353] Y[360] Y[361] 
MnF2 -227.5 94.9 146.5 2725.1 2499.8 2257.7 Y[362] Y[363] Y[364] 
TiF2 -266.9 42.3 107.0 2850.2 2524.5 2448.6 Y[365] Y[366] Y[367] 
TiF4 -272.4 35.0 101.5 2741.3 2531 2379 Y[365] Y[366] Y[367] 
NbF3 -333 -45.8 40.9 - a - a - a    
CrF2 -342.2 -58.1 31.7 2638.9 2457.6 2228.3 Y[368] Y[369] Y[370] 
ZnF2 -363.0 -85.7 10.9 2860.0 2541.9 2408.4 Y[371] N[372] N[373] 
TaF5 -367.7 -92.1 6.2 3003.5 2568.6 2493.8 Y[374] Y[375] Y[376] 
TaF2 -379.6 -108.0 -5.7 3114.1 2574 2535.8 Y[374] Y[375] Y[376] 
NbF5 -421.6 -164.0 -47.7 - a - a - a    
MoF2 -441.6 -190.6 -67.7 2936.7 2400.4 2490.1 Y[377] Y[378] Y[324] 
FeF2 -450.7 -202.8 -76.8 2731.5 2524.9 2267.2 Y[379] Y[380] Y[324] 
VF4 -457.4 -211.7 -83.5 2628.4 2435.6 2401.8 Y[381] Y[382] Y[324] 
FeF3 -468.1 -225.9 -94.2 2732.0 2530.9 2287.5 Y[379] Y[380] Y[327] 
CoF2 -502.7 -272.0 -128.8 2751.7 2508.9 2302.9 Y[325] Y[326] Y[327] 
PbF2 -513.9 -287.0 -140.0 3163.1 2567.7 2514.1 N[383] N[384] NAc 
NiF2 -523.1 -299.3 -149.2 2758.5 2510.4 2295.7 Y[322] Y[323] Y[324] 
SnF2 -536.6 -317.3 -162.7 3060.7 2554 2456.9 N[385] N[386] N[387] 
SbF3 -594.4 -394.3 -220.5 - a - a - a Yb[388] N[372] NAc 
BiF3 -600.5 -402.4 -226.6 - a - a - a N[328] N[329] Yb[330] 
CuF2 -701.2 -536.8 -327.3 2869.1 2544.8 2412.6 Y[389] Y[390] N[391] 
CoF3 -719.5 -561.2 -345.6 2813.0 2542.2 2395.2 Y[325] Y[326] Y[327] 
InF3 -767.2 -624.8 -393.3 3048.3 2578.4 2519.7 N[392] N[393] NAc 
PbF4 -803.6 -673.2 -429.7 3109.6 2579.9 2554.6 N[383] N[384] NAc 
AgF -895.3 -795.5 -521.4 3224.8 2559.8 2491.0 Y[394] Y N[395] 
AgF2 -969.9 -895.0 -596.0 3177.8 2571.9 2529.4 Y[394] Y N[395] 
AuF3 -1146.3 -1130.2 -772.4 3214.4 - a - a Y[396] Y[397] N[398] 
IrF6 -1220.1 -1228.5 -846.2 - a - a - a Y[399] Y[400] Y[401] 
a Adiabatic flame temperature could not be calculated as the necessary species were absent in NASA CEA 
database  
b Modelled phase diagram suggests a single intermetallic phase, experimentally unverified.  





1. Price, E.W., Combustion of Metallized Propellants. Progress in Astronautics and 
Aeronautics, ed. K.K.K.a.M. Summerfield. Vol. 90. 1984, New York: AIAA. 479-
513. 
2. Gany, A. and D.W. Netzer, Combustion Studies of Metallized Fuels for Solid-Fuel 
Ramjets. Journal of Propulsion and Power, 1986. 2(5): p. 423-427. 
3. Wang, L.L., Z.A. Munir, and Y.M. Maximov, Thermite Reactions: Their 
Utilization in the Synthesis and Processing of Materials. Journal of Materials 
Science, 1993. 28(14): p. 3693-3708. 
4. Dreizin, E.L., Metal-Based Reactive Nanomaterials. Progress in Energy and 
Combustion Science, 2009. 35(2): p. 141-167. 
5. Yetter, R.A., G.A. Risha, and S.F. Son, Metal Particle Combustion and 
Nanotechnology. Proceedings of the Combustion Institute, 2009. 32 II: p. 1819-
1838. 
6. Bergthorson, J.M., Y. Yavor, J. Palecka, W. Georges, M. Soo, J. Vickery, S. 
Goroshin, D.L. Frost, and A.J. Higgins, Metal-Water Combustion for Clean 
Propulsion and Power Generation. Applied Energy, 2017. 186: p. 13-27. 
7. Sundaram, D., V. Yang, and R.A. Yetter, Metal-Based Nanoenergetic Materials: 
Synthesis, Properties, and Applications. Progress in Energy and Combustion 
Science, 2017. 61: p. 293-365. 
8. Wilson, W.H., F. Zhang, and K. Kim. Fine Fragmentation Distribution from 
Structural Reactive Material Casings under Explosive Loading. in AIP Conference 
Proceedings. 2017. 
9. Zhang, X.F., A.S. Shi, L. Qiao, J. Zhang, Y.G. Zhang, and Z.W. Guan, 
Experimental Study on Impact-Initiated Characters of Multifunctional Energetic 
Structural Materials. Journal of Applied Physics (Melville, NY, U. S.), 2013. 
113(Copyright (C) 2015 American Chemical Society (ACS). All Rights 
Reserved.): p. 083508/1-083508/10. 
10. Bacciochini, A., M.I. Radulescu, M. Yandouzi, G. Maines, J.J. Lee, and B. Jodoin, 
Reactive Structural Materials Consolidated by Cold Spray: Al-Cuo Thermite. 
Surface and Coatings Technology, 2013. 226: p. 60-67. 
11. Glassman, I. and R.A. Yetter, Combustion. 4th ed. 2008, Amsterdam ; Boston: 
Academic Press. xx, 773 p. 
12. DeLuca, L.T., L. Galfetti, G. Colombo, F. Maggi, A. Bandera, V.A. Babuk, and 
V.P. Sinditskii, Microstructure Effects in Aluminized Solid Rocket Propellants. 
Journal of Propulsion and Power, 2010. 26(4): p. 724-733. 
352 
 
13. Shen, H.J., Z.X. Xia, J.X. Hu, and W.B. Miao, Theoretical Performance Analysis 
of the Powdered Fuel Ramjet. Tuijin Jishu/Journal of Propulsion Technology, 
2007. 28(2): p. 181-185. 
14. Vasenin, I.M., R.K. Narimanov, A.A. Glazunov, N.E. Kuvshinov, and V.A. Ivanov, 
Two-Phase Flows in the Nozzles of Solid Rocket Motors. Journal of Propulsion and 
Power, 1995. 11(4): p. 583-592. 
15. De Luca, L.T., L. Galfetti, F. Severini, L. Meda, G. Marra, A.B. Vorozhtsov, V.S. 
Sedoi, and V.A. Babuk, Burning of Nano-Aluminized Composite Rocket 
Propellants. Combustion, Explosion and Shock Waves, 2005. 41(6): p. 680-692. 
16. Murata, H., Y. Azuma, T. Tohara, M. Simoda, T. Yamaya, K. Hori, and T. Saito, 
Effect of Magnalium (Mg-Al Alloy) on Combustion Characteristics of Ammonium 
Nitrate-Based Solid Propellant. Kayaku Gakkaishi/Journal of the Japan Explosives 
Society, 2000. 61(2): p. 58-66. 
17. Comet, M., B. Siegert, V. Pichot, and D. Spitzer, Reactive Characterization of 
Nanothermites: Correlation Structure/Reactivity. Journal of Thermal Analysis and 
Calorimetry, 2013. 111(1): p. 431-436. 
18. Ermoline, A., D. Stamatis, and E.L. Dreizin, Low-Temperature Exothermic 
Reactions in Fully Dense Al-Cuo Nanocomposite Powders. Thermochimica Acta, 
2012. 527: p. 52-58. 
19. Fan, R.-H., H.-L. Lü, K.-N. Sun, W.-X. Wang, and X.-B. Yi, Kinetics of Thermite 
Reaction in Al-Fe2o3 System. Thermochimica Acta, 2006. 440(2): p. 129-131. 
20. Gao, K., Y.J. Luo, G.P. Li, L. Wang, and J. Zheng, Effects of Preparation Method 
on the Properties of Al/Fe 2o 3 Nano-Thermites. Huozhayao Xuebao/Chinese 
Journal of Explosives and Propellants, 2012. 35(3): p. 11-14. 
21. Chakraborty, P. and M.R. Zachariah, Do Nanoenergetic Particles Remain Nano-
Sized During Combustion? Combustion and Flame, 2014. 161(5): p. 1408-1416. 
22. Sullivan, K.T., O. Cervantes, J.M. Densmore, J.D. Kuntz, A.E. Gash, and J.D. 
Molitoris, Quantifying Dynamic Processes in Reactive Materials: An Extended 
Burn Tube Test. Propellants, Explosives, Pyrotechnics, 2015. 40(3): p. 394-401. 
23. Johnson, C.E., K.T. Higa, T.T. Tran, and W.R. Albro, Thermite Initiation Processes 
and Thresholds. MRS Online Proc. Libr., 2011. 1405(Copyright (C) 2013 
American Chemical Society (ACS). All Rights Reserved.): p. No pp. given. 
24. Jaccaud, M., R. Faron, D. Devilliers, and R. Romano, Fluorine, in Ullmann's 




25. Pearson, R.G., Absolute Electronegativity and Hardness: Application to Inorganic 
Chemistry. Inorganic Chemistry, 1988. 27(4): p. 734-740. 
26. Ponikvar-Svet, M., D.N. Zieger, and J.F. Liebman, Which Halogen Is the Stronger 
Oxidant? A Study with Systematics and Surprises. Structural Chemistry 2015: p. 
1621-1628. 
27. Carson, A.S., P.G. Laye, J.B. Pedley, and A.M. Welsby, in Journal of Chemical 
Thermodynamics 1993. p. 261-269. 
28. Pedley, J.B., Thermochemical Data and Structures of Oragnic Compounds in TRC 
data series. 1994: College Station. 
29. Wagman, D.D., W.H. Evans, V.B. Parker, R.H. Schuman, I. Halow, S.M. Bailey, 
K.L. Churney, and R.L. Nuttall, The Nbs Tables of Chemical Thermodynamic 
Properties: Selected Values of Inorganic and C1 and C2 Organic Subtances in Si 
Units. Journal of Physical Chemistry, 1982: p. 1-392. 
30. Clementi, E., D.L. Raimondi, and W.P. Reinhardt, Atomic Screening Constants 
from Scf Functions. Ii. Atoms with 37 to 86 Electrons. The Journal of Chemical 
Physics, 1967. 47(4): p. 1300-1307. 
31. O'Donnell, P.M., Kinetics of the Fluorination of Iron. 1966, National Aeronautics 
And Space Administration Washington D.C. 
32. del Campo, L., R.B. Pérez-Sáez, and M.J. Tello, Iron Oxidation Kinetics Study by 
Using Infrared Spectral Emissivity Measurements Below 570 °C. Corrosion 
Science, 2008. 50(1): p. 194-199. 
33. Przewlocka, H. and J. Siedlecka, Kinetics and Mechanism of the Oxidation Process 
of Two Component Fe-Al Alloys. 1982, National Aeronautics And Space 
Administration (NASA): Washington, D.C. 
34. Dean, J.A. 15 ed. Lange's Handbook of Chemistry, ed. J.A. Dean. McGraw-
Hill.inc. 
35. Benson, S.W., Thermochemical Kinetics. 1977, John Wiley& Sons: New York. 
36. Dixon, D.A., B.E. Smart, P.J. Krusic, and N. Matsuzawa, Bond Energies in 
Organofluorine Systems: Applications to Teflon® and Fullerenes. Journal of 
Fluorine Chemistry, 1995. 72(2): p. 209-214. 
37. Coms, F.D., The Chemistry of Fuel Cell Membrane Chemical Degradation. ECS 
Trans, 2008. 16(2): p. 235-255. 
38. Linstrom, P.J. and W.G. Mallard, Nist Chemistry Webbook, Nist Standard 
Reference Database Number 69. 2017, Gaithersburg MD, 20899: National Institute 
of Standards and Technology. 
354 
 
39. Ros, O., E. Pargon, M. Fouchier, P. Gouraud, and S. Barnola, Gate Patterning 
Strategies to Reduce the Gate Shifting Phenomenon for 14 Nm Fully Depleted 
Silicon-on-Insulator Technology. Journal of Vacuum Science and Technology A: 
Vacuum, Surfaces and Films, 2017. 35(2). 
40. Brunetti, B., V. Piacente, and P. Scardala, Torsion Vapor Pressures and 
Sublimation Enthalpies of Aluminum Trifluoride and Aluminum Trichloride. 
Journal of Chemical and Engineering Data, 2009. 54(3): p. 940-944. 
41. Ernst, L.F., F.L. Dryer, R.A. Yetter, T.P. Parr, and D.M. Hanson-Parr, Aluminum 
Droplet Combustion in Fluorine and Mixed Oxygen/Fluorine Containing 
Environments, in Symposium (International) on Combustion. 2000. p. 871-878. 
42. Liu, Z., S. Li, M. Liu, D. Guan, X. Sui, and N. Wang, Experimental Investigation 
of the Combustion Products in an Aluminised Solid Propellant. Acta Astronautica, 
2017. 133: p. 136-144. 
43. Sippel, T.R., S.F. Son, and L.J. Groven, Aluminum Agglomeration Reduction in a 
Composite Propellant Using Tailored Al/Ptfe Particles. Combustion and Flame, 
2014: p. 311-321. 
44. Weiler, H. and H. Lips, Application of Propellant Combination Using Lithium 
Based Fuels and Flox Oxidizers - 1. Parameter Study. 1974(74-7): p. 26. 
45. Lips, H.R., Experimental Investigation on Hybrid Rocket Engines Using Highly 
Aluminized Fuels. Journal of Spacecrafts and Rockets, 1977. 14(9): p. 539-545. 
46. Ernst, L.F., R.A. Yetter, F.L. Dryer, T.P. Parr, and D.M. Hanson-Parr. Combustion 
of Aluminum Particles in Fluorine Containing Environments. in 35th Joint 
Propulsion Conference and Exhibit. 1999. Los Angeles. 
47. Webster, H.A.I. and D.M. Johnson, New Potentials in Red Phosphorus 
Compositions. 1976, Naval Weapons Support Center Applied Sciences Department 
Crane: Indiana. 
48. Vega, J.F. and P.C. Morand, Castable Smoke Generating Compounds Effective 
against Infrared. . 1987: France. 
49. Koch, E.-C. and A. Dochnahl, Duppel, DE Patent 10, 599, Editor. 2002: Germany. 
50. Jouet, J.R., A.D. Warren, D.M. Rosenberg, V.J. Bellitto, K. Park, and M.R. 
Zachariah, Surface Passification of Bare Aluminum Nanoparticles Using 
Perfluoroalkyl Carboxylic Acids. American Chemical Society 2005. 
51. Wang, J., Z. Qiao, Y. Yang, J. Shen, Z. Long, Z. Li, X. Cui, and G. Yang, Core–
Shell Al-Polytetrafluoroethylene (Ptfe) Configurations to Enhance Reaction 
Kinetics and Energy Performance for Nanoenergetic Materials. Chemistry 
European Journal, 2016. 22: p. 279-284. 
355 
 
52. McCollum, J., M.L. Pantoya, and S.T. Lacono, Catalyzing Aluminum Particle 
Reactivity with a Fluorine Oligomer Surface Coating for Energy Generating 
Applications. Journal of Fluorine Chemistry, 2015. 180: p. 265-271. 
53. McCollum, J., Pantoya,M.L and Lacono,S.T, Catalyzing Aluminum Particle 
Reactivity with a Fluorine Oligomer Surface Coating for Energy Generating 
Applicatio. Journal of Fluorine Chemistry, (2015). 
54. Rozner, A.G. and H.H. Helms, Smoke Generating Compositions and Methods of 
Use. 1972: USA. 
55. Connell, T.L., Jr., G.A. Risha, R.A. Yetter, C.W. Roberts, and G. Young, 
Combustion of Boron and Fluorocarbon Solid Fuels in a Hybrid Rocket, in 49th 
AIAA/ASME/SAE/ASEE Joint Propulsion Conference. 2013: San Jose, CA. 
56. Dolgoborodov, A.Y., A.N. Streletskii, M.N. Makhov, I.V. Kolbhanev, and V.E. 
Fortov, Explosive Compositions Based on the Mechanoactivated Metal-Oxidizer 
Mixtures. Combustion and Explosion 2007. 26(12): p. 40-45. 
57. Koch, E.C., Metal Fluorocarbon Pyrolants: V. Theoretical Evaluation of the 
Combustion Performance of Metal/Fluorocarbon Pyrolants Based on Strained 
Fluorocarbons. Propellants, Explosives, Pyrotechnics, 2004. 29(1): p. 9-18. 
58. Liu, P., X. Li, L. Cheng, X. Zhu, Y. Li, and D. Song, Preparation and 
Characterization of N-Al/Fef3 Nanothermite. Chemical Engineering Journal, 2018. 
331: p. 850-855. 
59. Valluri, S.K., I. Monk, M. Schoenitz, and E.L. Dreizin, Fuel-Rich Aluminum–Metal 
Fluoride Thermites. International Journal of Energetic Materials and Chemical 
Propulsion, 2017. 16(1): p. 81-101. 
60. Domalski, E.S. and G.T. Armstrong, The Heats of Combustion of 
Polytetrafluoroethylene (Telfon) and Graphite in Elemental Fluorine. Journal of 
Research of the National Bureau of Standards, 1966. 71A(2). 
61. Callaway, J. and N. Davies, Ageing of Magnesium Coated with Viton. Proceedings 
of the International Pyrotechnics Seminar, 2008. 35th(Copyright (C) 2015 
American Chemical Society (ACS). All Rights Reserved.): p. 39-56. 
62. Dally, B.B., Z.T. Alwahabi, L.V. Krishnamoorthy, L.D. Redman, and F.C. Christo, 
Measurements of Particles Evolution in the near Combustion Field of Mtv 
Formulation Using Mie Scattering Technique. Proceedings of the International 
Pyrotechnics Seminar, 2001. 28th(Copyright (C) 2015 American Chemical Society 
(ACS). All Rights Reserved.): p. 219-226. 
63. Wilharm, C.K., Combustion Performance of Coated Magnesium. Proceedings of 
the International Pyrotechnics Seminar, 2008. 35th(Copyright (C) 2015 American 
Chemical Society (ACS). All Rights Reserved.): p. 31-38. 
356 
 
64. Koch, E.-C., Metal-Fluorocarbon-Pyrolants: Iii. Development and Application of 
Magnesium/Teflon/Viton (Mtv). Propellants, Explosives, Pyrotechnics, 2002. 
27(5): p. 262-266. 
65. Koch, E.-C., Metal-Fluorocarbon Based Energetic Materials 2011: Wiley-VCH 
Verlag GmbH & Co.KGaA. 
66. Baker, J.J., C. Gotzmer, R. Gill, S.L. Kim, and M. Blachek, Agent Defeat Bomb, U. 
patent, Editor. 2009: USA. 
67. Jackson, D. and D.A. Dadley, Investigation into the Manufacture and Properties of 
Magnesium/Fluorocarbon Compositions for Pyrotechnic Applications R.M. 31/69, 
Editor. 1969, DEFE 15/2191: National Archives. 
68. Koch, E.-C. and A. Dochnahl, Ir Emission Behaviour of Magnesium/Teflon/Viton 
(Mtv) Compositions. Propellants, Explos., Pyrotech., 2000. 25(37). 
69. Douda, B.E., Genesis of Infrared Decoy Flares, in NSWC/CCR/RDTR-08/63. 2009: 
NSWC-Crane,IN. 
70. Beckert, W.F. and H.O. Dengel, Fast-Burning Compositions of Fluorinated 
Polymers and Metal Powders. 1976: USA. 
71. Karametaxas, G., J. Kutzli, P. Schweizer, and M. Tobler, Kontrollierte Vernichtung 
Von Datentr ¨ Agern Duch D ¨ Unne Pyrotechnische Schichten Als Bestandteil Des 
Datenschutzes in Sicherheitskritischen Bereichen. , in 29th International Annual 
Conference of ICT. 1998: Karlsruhe, Germany. p. 41. 
72. Ramnarace, J., Tracer and Composition. . 1978: USA. 
73. Fluckiger, R. Magnesium/Polytetrafluoroethylene Tracer Compositions. in 14th 
International Pyrotechnics Seminar. 1989. Jersey, Channel Islands, UK. 
74. Crosby, R.E., I.C. Swenson, and G.C. Mullenix, Design and Development of a Hot 
Particle Ignitor in AIAA/SAE 8th Joint Propulsion Specialist Conference 1972: 
New Orleans. p. 72-1196. 
75. Joshi, V.S., Process for Making Polytetrafluoroethylene-Aluminum Composite and 
Sintered Product Made. . 2003: USA. 
76. Nielson, D.B., B.N. Ashcroft, and D.W. Doll, Reactive Material Enhanced 
Munition Compositions and Projectiles Containing Same. 2005: USA. 
77. Liu, T., X. Chen, H. Xu, A. Han, M. Ye, and G. Pan, Preparation and Properties 
of Boron-Based Nano-B/Nio Thermite. Propellants, Explosives, Pyrotechnics, 
2015. 40(6): p. 873-879. 
357 
 
78. Dolgoborodov, A.Y., Mechanically Activated Oxidizer-Fuel Energetics 
Combustion, Explosion and Shock Waves 2015. 51(1): p. 86-99. 
79. Dolgoborodov, A.Y., M.N. Makhov, I.V. Kolbanev, A.N. Streletskii, and V.E. 
Fortov. Detonation in Metal-Teflon Mechanoactivated Composites. in Proceedings 
of the 13th International Detonation Symposium, IDS 2006. 2006. 
80. Sippel, T.R., S.F. Son, and L.J. Groven, Aluminum Agglomeration Reduction in a 
Composite Propellant Using Tailored Al/Ptfe Particles. Combustion and Flame, 
2014. 161(1): p. 311-321. 
81. Sippel, T.R., S.F. Son, and L.J. Groven, Altering Reactivity of Aluminum with 
Selective Inclusion of Polytetrafluoroethylene through Mechanical Activation. 
Propellants Explos. Pyrotech., 2013(38): p. 286-295. 
82. Gogulya, M.F., M.N. Makhov, M.A. Brazhnikov, and A.Y. Dolgoborodov. 
Detonation-Like Processes in Teflon/Al Based Explosive Mixtures. in Proceedings 
of the 13th International Detonation Symposium, IDS 2006. 2006. 
83. Shawn, S.C., Hydrodynamical Analysis of Nanometric Aluminum/Teflon 
Deflagrations. 2008, Texas Tech University. 
84. Shawn, S.C., M. Pantoya, D.J. Prentice, E.D. Steffler, and M.A. Daniels, 
Nanocomposites for Underwater Deflagration. Advanced Materials & Processes, 
2009: p. 33-35. 
85. Sterletskii, A.N., A.Y. Dolgoborodov, I.V. Kolbanev, M.N. Makhov, S.F. 
Lomaeva, A.B. Borunova, and V.E. Fortov, Structure of Mechanically Activated 
High-Energy Al + Polytetrafluoroethylene Nanocomposites. Colloid Journal, 2009. 
71(6): p. 852-860. 
86. De Luca, L.T., L. Galfetti, F. Maggi, G. Colombo, C. Paravan, A. Reina, S. Dossi, 
M. Fassina, and A. Sossi. Characterization and Combustion of Aluminum 
Nanopowders in Energetic Systems. 2014. Wiley-VCH Verlag GmbH & Co. 
KGaA. 
87. Gaurav, M. and P.A. Ramakrishna, Effect of Mechanical Activation of High 
Specific Surface Area Aluminium with Ptfe on Composite Solid Propellant. 
Combustion and Flame, 2016. 166: p. 203-215. 
88. Sippel, T.R., S.F. Son, and L.J. Groven, Altering Reactivity of Aluminum with 
Selective Inclusion of Polytetrafluoroethylene through Mechanical Activation. 
Propellants, Explosives, Pyrotechnics, 2013. 38(2): p. 286-295. 
89. Young, G., C.W. Roberts, and C.A. Stoltz, Ignition and Combustion Enhancement 
of Boron with Polytetrafluoroethylene. Journal of Propulsion and Power, 2015. 
31(1): p. 386-392. 
358 
 
90. Young, G., C.A. Stoltz, B.P. Mason, V.S. Joshi, R.H. Johansson, T.L. Connell Jr, 
G.A. Risha, and R.A. Yetter, Combustion of Ptfe-Boron Compositions for 
Propulsion Applications. International Journal of Energetic Materials and 
Chemical Propulsion, 2012. 11(5): p. 451-471. 
91. Young, G., C.A. Stoltz, D.H. Mayo, C.W. Roberts, and C.L. Milby, Combustion 
Behavior of Solid Fuels Based on Ptfe/Boron Mixtures. Combustion Science and 
Technology, 2013. 185(8): p. 1261-1280. 
92. Connell, T.L., Jr., G.A. Risha, R.A. Yetter, C.W. Roberts, and G. Young, Boron 
and Polytetrafluoroethylene as a Fuel Composition for Hybrid Rocket 
Applications. Journal of Propulsion and Power, 2015. 31(1): p. 373-385. 
93. Hedman, T.D., J.N. Quigley, J. Kalman, and E.B. Washburn, Small-Scale Solid 
Ramjet Fuel Ignition Experiment. Journal of Propulsion and Power, 2017. 33(5): p. 
1315-1319. 
94. Liu, T., X. Chen, H.X. Xu, A.J. Han, M.Q. Ye, H. Du, and G.P. Pan, Effect of 
Content of Boron Powder on Properties of Mg/Ptfe Fuel-Rich Propellant. 
Huozhayao Xuebao/Chinese Journal of Explosives and Propellants, 2015. 38(4): p. 
71-75. 
95. Yarrington, C.D., L.J. Groven, R.V. Reeves, and S.F. Son, The Effect of Doping on 
the Combustion and Reaction Kinetics of Silicon Reactives. Combustion and Flame, 
2013. 160(9): p. 1835-1841. 
96. Dolgoborodov, A.Y., M.N. Makhov, I.V. Kolbanev, A.N. Streletskiǐ, and V.E. 
Fortov, Detonation in an Aluminum-Teflon Mixture. JETP Letters, 2005. 81(7): p. 
311-314. 
97. Dolgoborodov, A.Y., M.N. Makhov, A.N. Streletskij, I.V. Kolbanev, M.F. 
Gogulya, and V.E. Fortov, About Opportunity for Detonation in Mechanically 
Activated Composite Material Aluminum-Fluoroplastic. Khimicheskaya Fizika, 
2004. 23(9): p. 85-89. 
98. Jetté, F.X., S. Goroshin, A.J. Higgins, and J.J. Lee, Experimental Investigation of 
Gasless Detonation in Metal-Sulfur Compositions. Combustion, Explosion and 
Shock Waves, 2009. 45(2): p. 211-217. 
99. Joshi, V.S., Process for Making Polytetrafluoroethylene-Aluminum Composite and 
Sintered Product Made. 2003, The United States of America as Represented by the 
Secretary of the Navy, USA . p. 4 pp. 
100. Saigal, A. and V.S. Joshi, Strength and Stiffness of Aluminum/Ptfe Reactive 
Composites. American Society of Mechanical Engineers, Pressure Vessels and 
Piping Division (Publication) PVP, 2000. 432: p. 107-111. 
359 
 
101. Nielson, D.B., R.M. Truitt, and B.N. Ashcroft, Reactive Material-Enhanced 
Projectiles and Munitions Containing Incendiaries and Explosives. 2007, Alliant 
Techsystems Inc., USA . p. 14 pp. 
102. Cai, J., V.F. Nesterenko, K.S. Vecchio, E.B. Herbold, D.J. Benson, F. Jiang, J.W. 
Addiss, S.M. Walley, and W.G. Proud, The Influence of Metallic Particle Size on 
the Mechanical Properties of Ptfe-Al-W Powder Composites. Los Alamos Natl. 
Lab., Prepr. Arch., Condens. Matter, 2007(Copyright (C) 2015 American Chemical 
Society (ACS). All Rights Reserved.): p. 1-18, arXiv:0709.2172v1 [cond-mat.soft]. 
103. Li, Y., C. Jiang, Z. Wang, and P. Luo, Experimental Study on Reaction 
Characteristics of Ptfe/Ti/W Energetic Materials under Explosive Loading. 
Materials, 2016. 9(11). 
104. Crouse, C.A., Fluorinated Polymers as Oxidizers for Energetic Composites, in ACS 
Symposium Series. 2012. p. 127-140. 
105. Osborne, D.T. and M.L. Pantoya, Effect of Al Particle Size on the Thermal 
Degradation of Al/Ptfe Mixtures. Combustion Science and Technology, 2007. 
179(8): p. 1467-1480. 
106. Watson, K.W., M.L. Pantoya, and V.I. Levitas, Fast Reactions with Nano- and 
Micrometer Aluminum: A Study on Oxidation Versus Fluorination. Combustion 
and Flame, 2008. 155(4): p. 619-634. 
107. Padhye, R., J. McCollum, C. Korzeniewski, and M.L. Pantoya, Examining 
Hydroxyl-Alumina Bonding toward Aluminum Nanoparticle Reactivity. Journal of 
Physical Chemistry C, 2015. 119(47): p. 26547-26553. 
108. Glavier, L., G. Taton, J.M. Ducéré, V. Baijot, S. Pinon, T. Calais, A. Estève, M. 
Djafari Rouhani, and C. Rossi, Nanoenergetics as Pressure Generator for Nontoxic 
Impact Primers: Comparison of Al/Bi2o3, Al/Cuo, Al/Moo3 Nanothermites and 
Al/Ptfe. Combustion and Flame, 2015. 162(5): p. 1813-1820. 
109. Hobosyan, M.A., K.G. Kirakosyan, S.L. Kharatyan, and K.S. Martirosyan, Ptfe–
Al2o3 Reactive Interaction at High Heating Rates. Journal of Thermal Analysis 
and Calorimetry, 2015: p. 245-251. 
110. Pantoya, M.L. and S.W. Dean, The Influence of Alumina Passivation on Nano-
Al/Teflon Reactions. Thermochimica Acta, 2009: p. 109-110. 
111. Yarrington, C.D., S.F. Son, and T.J. Foley, Combustion of Silicon/Teflon/Viton and 
Aluminum/Teflon/Viton Energetic Composites. Journal of Propulsion and Power, 
2010. 26(4): p. 734-743. 
112. Kaplowitz, D.A., G. Jian, K. Gaskell, A. Ponce, P. Shang, and M.R. Zachariah, 
Aerosol Synthesis and Reactivity of Thin Oxide Shell Aluminum Nanoparticles Via 
360 
 
Fluorocarboxylic Acid Functional Coating. Particle and Particle Systems 
Characterization, 2013. 30(10): p. 881-887. 
113. Kappagantula, K.S., C. Farley, M. Pantoya, and J. Horn, Tuning Energetic Material 
Reactivity Using Surface Functionalization of Aluminum Fuels. Journal of Physical 
Chemistry, 2012. 
114. Yang, H., C. Huang, and H. Chen, Tuning Reactivity of Nanoaluminum with 
Fluoropolymer Via Electrospray Deposition. Journal of Thermal Analysis and 
Calorimetry, 2017. 127(3): p. 2293-2299. 
115. Kettwich, S.C., K. Kappagantula, B.S. Kusel, E.K. Avjian, S.T. Danielson, H.A. 
Miller, M.L. Pantoya, and S.T. Iacono, Thermal Investigations of 
Nanoaluminum/Perfluoropolyether Core-Shell Impregnated Composites for 
Structural Energetics. Thermochimica Acta, 2014. 591: p. 45-50. 
116. Zhou, X., D. Xu, G. Yang, Q. Zhang, J. Shen, J. Lu, and K. Zhang, Highly 
Exothermic and Superhydrophobic Mg/Fluorocarbon Core/Shell Nanoenergetic 
Arrays. ACS Applied Materials and Interfaces, 2014. 6(13): p. 10497-10505. 
117. Zhou, X., Y. Zhu, K. Zhang, J. Lu, and W. Jiang, An Extremely Superhydrophobic 
and Intrinsically Stable Si/Fluorocarbon Energetic Composite Based on Upright 
Nano/Submicron-Sized Si Wire Arrays. RSC Advances, 2015. 5(128): p. 106098-
106106. 
118. Yang, H., C. Huang, and H. Chen, Tuning Reactivity of Nanoaluminum with 
Fluoropolymer Via Electrospray Deposition Journal of Thermal Analytical 
Calorimetry 2017: p. 2293-2299. 
119. Kaplowitz, D.A., J. Jouet, and M.R. Zachariah, Aerosol Synthesis and Reactive 
Behavior of Faceted Aluminum Nanocrystals Journal of Crystal Growth, 2010. 
120. Bockmon, B.S., M.L. Pantoya, S.F. Son, B.W. Asay, and J.T. Mang, Combustion 
Velocities and Propagation Mechanisms of Metastable Interstitial Composites. 
Journal of Applied Physics, 2005. 98(6). 
121. Jacob, R.J., B. Wei, and M.R. Zachariah, Quantifying the Enhanced Combustion 
Characteristics of Electrospray Assembled Aluminum Mesoparticles. Combustion 
and Flame, 2016. 167: p. 472-480. 
122. Miller, H.A., B.S. Kusel, S.T. Danielson, J.W. Neat, E.K. Avjian, S.N. Pierson, 
S.M. Budy, D.W. Ball, S.T. Iacono, and S.C. Kettwich, Metastable Nanostructured 
Metallized Fluoropolymer Composites for Energetics. Journal of Materials 
Chemistry A, 2013. 1(24): p. 7050-7058. 
123. Wang, J., X. Jiang, L. Zhang, Z. Qiao, B. Gao, G. Yang, and H. Huang, Design and 
Fabrication of Energetic Superlattice Like-Ptfe/Al with Superior Performance and 
Application in Functional Micro-Initiator. Nano Energy, 2015. 12: p. 597-605. 
361 
 
124. Hamming, L.M., R. Qiao, P.B. Messersmith, and L.C. Brinson, Effects of 
Dispersion and Interfacial Modification on the Macroscale Properties of Tio(2) 
Polymer Matrix Nanocomposites. Composites science and technology, 2009. 
69(11-12): p. 1880-1886. 
125. Sekitani, T., Y. Noguchi, K. Hata, T. Fukushima, T. Aida, and T. Someya, A 
Rubberlike Stretchable Active Matrix Using Elastic Conductors. Science, 2008. 
321(5895): p. 1468-72. 
126. Li, X., P. Guerieri, W. Zhou, C. Huang, and M.R. Zachariah, Direct Deposit 
Laminate Nanocomposites with Enhanced Propellent Properties. ACS Applied 
Materials and Interfaces, 2015. 7(17): p. 9103-9109. 
127. Zhou, X., D. Xu, J. Lu, and K. Zhang, Cuo/Mg/Fluorocarbon Sandwich-Structure 
Superhydrophobic Nanoenergetic Composite with Anti-Humidity Property. 
Chemical Engineering Journal, 2015. 266: p. 163-170. 
128. Jiang, X., M.A. Trunov, M. Schoenitz, R.N. Dave, and E.L. Dreizin, Mechanical 
Alloying and Reactive Milling in a High Energy Planetary Mill. Journal of Alloys 
and Compounds, 2009. 478(1-2): p. 246-251. 
129. Santhanam, P.R., Discrete Element Method Based Scale-up Model for Material 
Synthesis Using Ball Milling, in O.H. York Department of Chemical, Biological, 
and Pharmaceutical Engineering. 2014, New Jersey Institute of Technology: 
Newark, NJ. p. 150. 
130. Santhanam, P.R. and E.L. Dreizin, Predicting Conditions for Scaled-up 
Manufacturing of Materials Prepared by Ball Milling. Powder Technology, 2012. 
201: p. 401-411. 
131. Ward, T.S., W. Chen, M. Schoenitz, R.N. Dave, and E.L. Dreizin, A Study of 
Mechanical Alloying Processes Using Reactive Milling and Discrete Element 
Modeling. Acta Materialia, 2005. 53(10): p. 2909-2918. 
132. Valluri, S.K., M. Schoenitz, and E.L. Dreizin, Metal-Rich Aluminum–
Polytetrafluoroethylene Reactive Composite Powders Prepared by Mechanical 
Milling at Different Temperatures. Journal of Materials Science, 2017. 52(12): p. 
7452-7465. 
133. Terry, B.C., S.F. Son, and L.J. Groven, Altering Combustion of 
Silicon/Polytetrafluoroethylene with Two-Step Mechanical Activation. Combustion 
and Flame, 2015. 162(4): p. 1350-1357. 
134. Crouse, C.A., C.J. Pierce, and J.E. Spowart, Synthesis and Reactivity of Aluminized 
Fluorinated Acrylic (Alfa) Nanocomposites. Combustion and Flame, 2012. 
159(10): p. 3199-3207. 
362 
 
135. Feng, B., X. Fang, Y.C. Li, H.X. Wang, Y.M. Mao, and S.Z. Wu, An Initiation 
Phenomenon of Al-Ptfe under Quasi-Static Compression. Chemical Physics 
Letters, 2015. 637: p. 38-41. 
136. Isert, S., C.D. Lane, I.E. Gunduz, and S.F. Son, Tailoring Burning Rates Using 
Reactive Wires in Composite Solid Rocket Propellants. Proceedings of the 
Combustion Institute, 2017. 36(2): p. 2283-2290. 
137. Feng, B., X. Fang, Y.C. Li, S.Z. Wu, Y.M. Mao, and H.X. Wang, Reactions of Al-
Ptfe under Impact and Quasi-Static Compression. Advances in Materials Science 
and Engineering, 2015. 2015. 
138. Kuwahara, T., S. Matsuo, and N. Shinozaki, Combustion and Sensitivity 
Characteristics of Mg/Tf Pyrolants. Propellants Explos. Pyrotech., 1997. 
139. Hunt, E.M., S. Malcolm, M.L. Pantoya, and F. Davis, Impact Ignition of Nano and 
Micron Composite Energetic Materials. International Journal of Impact 
Engineering, 2009. 36(6): p. 842-846. 
140. Kappagantula, K., M.L. Pantoya, and E.M. Hunt, Impact Ignition of Aluminum-
Teflon Based Energetic Materials Impregnated with Nano-Structured Carbon 
Additives. Journal of Applied Physics, 2012. 112(2). 
141. Wang, J., W.P. Bassett, and D.D. Dlott, Shock Initiation of Nano-Al/Teflon: High 
Dynamic Range Pyrometry Measurements. Journal of Applied Physics, 2017. 
121(8). 
142. Zheng, X., A.D. Curtis, W.L. Shaw, and D.D. Dlott, Shock Initiation of Nano-Al + 
Teflon: Time-Resolved Emission Studies. Journal of Physical Chemistry C, 2013. 
117(9): p. 4866-4875. 
143. Losada, M. and S. Chaudhuri, Theoretical Study of Elementary Steps in the 
Reactions between Aluminum and Teflon Fragments under Combustive 
Environments. Journal of Physical Chemistry A, 2009. 113(20): p. 5933-5941. 
144. Zamkov, M.A., R.W. Conner, and D.D. Dlott, Ultrafast Chemistry of 
Nanoenergetic Materials Studied by Time-Resolved Infrared Spectroscopy: 
Aluminum Nanoparticles in Teflon. Journal of Physical Chemistry C, 2007. 
111(28): p. 10278-10284. 
145. Xu, F.Y., Y.F. Zheng, Q.B. Yu, Y.Z. Wang, and H.F. Wang, Experimental Study 
on Penetration Behavior of Reactive Material Projectile Impacting Aluminum 
Plate. International Journal of Impact Engineering, 2016. 95: p. 125-132. 
146. Ames, R.G. Energy Release Characteristics of Impact-Initiated Energetic 
Materials. in Materials Research Society Symposium Proceedings. 2006. 
363 
 
147. Koch, E.-C., Metal Fluorocarbon Pyrolants: Vi. Combustion Behaviour and 
Radiation Properties of Magnesium/Poly(Carbon Monofluoride). . Propellants 
Explos. Pyrotech., 2005. 
148. Koch, E.-C., Metal Halocarbon Combustion, in Handbook of Combustion. New 
Technologies, ed. F.W.a.A.K.A. M. Lackner. Vol. 5. 2010: Wiley-VCH Verlag 
GmbH, Weinheim. 355–402. 
149. Cudziło, S. and W.A. Trzcinski, Calorimetric Studies of 
Metal/Polytetrafluoroethylene Pyrolants. Polish Journal of Applied Chemistry, 
2001. 
150. Chupas, P.J., M.F. Ciraolo, J.C. Hanson, and C.P. Grey, In Situ X-Ray Diffraction 
and Solid-State Nmr Study of the Fluorination of Γ-Al 2o 3 with Hcf 2cl. Journal of 
the American Chemical Society, 2001. 123(8): p. 1694-1702. 
151. Chupas, P.J. and C.P. Grey, Surface Modification of Fluorinated Aluminas: 
Application of Solid State Nmr Spectroscopy to the Study of Acidity and Surface 
Structure. Journal of Catalysis, 2004. 224(1): p. 69-79. 
152. Vaynberg, J. and L.M. Ng, Surface Chemistry of Fluoroethanols: I. A Ftir Study of 
the Reaction of 2,2-Difluoroethanol on Al2o3 Surface. Surface Science, 2005. 
577(2-3): p. 175-187. 
153. Delisio, J.B., X. Hu, T. Wu, G.C. Egan, G. Young, and M.R. Zachariah, Probing 
the Reaction Mechanism of Aluminum/Poly(Vinylidene Fluoride) Composites. 
Journal of Physical Chemistry B, 2016. 120(24): p. 5534-5542. 
154. McKinnon, J.T. and H.M. Duan Thermal Degradation of Polytetrafluoroethylenein 
Tube Reactors. The 3rd International Microgravity Combustion Workshop, 1995. 
147-151. 
155. Davis, S.R., Theoretical and Experimental Study of 
Magnesium/Polytetrafluoroethylene Combustion. , in Combustion. 1990. p. 49. 
156. Koch, E.-C., Metal Fluorocarbon Pyrolants: Iv. Thermochemical and Combustion 
Behaviour of Magnesium/Teflon/Viton (Mtv). Propellants Explos. Pyrotech., 
2002(27): p. 340-351. 
157. Streletskii, A.N., I.V. Kolbanev, A.V. Leonov, A.Y. Dolgoborodov, G.A. 
Vorob'eva, M.V. Sivak, and D.G. Permenov, Defective Structure and Reactivity of 
Mechanoactivated Magnesium/Fluoroplastic Energy-Generating Composites. 
Colloid Journal, 2015: p. 213-225. 
158. Chen, D.M., W.H. Hsieh, T.S. Snyder, V. Yang, T.A. Litzinger, and K.K. Kuo, 
Combustion Behavior and Thermophysical Properties of Metal-Based Solid Fuels. 
Journal of Propulsion and Power, 1991. 7(2): p. 250-257. 
364 
 
159. Risha, G.A., B.J. Evans, E. Boyer, R.B. Wehrman, and K.K. Kuo. Nano-Sized 
Aluminum- and Boron-Based Solid-Fuel Characterization in a Hybrid Rocket 
Engine. 2003. 
160. Ulas, A., K.K. Kuo, and C. Gotzmer, Ignition and Combustion of Boron Particles 
in Fluorine-Containing Environments. Combustion and Flame, 2001. 127(1-2): p. 
1935-1957. 
161. Yeh, C.L., M.M. Mench, and K.K. Kuo, An Investigation on Flame-Spreading 
Process of Thin Film Mg/Ptfe/Mg Pyrotechnics. Combustion Science and 
Technology, 1997. 126(1-6): p. 271-289. 
162. Kappagantula, K., M.L. Pantoya, and E.M. Hunt, Impact Ignition of Aluminum-
Teflon Based Energetic Materials Impregnated with Nano-Structured Carbon 
Additives. Journal of Applied Physics, 2012. 
163. Koch, E.-C., Metal-Fluorocarbon Based Energetic Materials 2012: Wiley-VCH 
Verlag GmbH & Co.KGaA. 
164. Gogulya, M.F., M.N. Makhov, M.A. Brazhnikov, and A.Y. Dolgoborodov, 
Detonation-Like Processes in Teflon/Al Based Explosive Mixtures 2006, Russian 
Academy of Sciences: Moscow. 
165. Osborne, D.T. and M.L. Pantoya, Effect of Al Particle Size on the Thermal 
Degradation of Al/Ptfe Mixtures. Combust. Sc. Technol., 2007: p. 1467-1480. 
166. Valluri, S.K., Development and Analysis of Aluminum-Ptfe Reactive Composite 
Material, in Chemical Engineering. 2016, NJIT: Newark. 
167. Gash, A.E., J.H. Satcher Jr, R.L. Simpson, and B.J. Clapsaddle. Nanostructured 
Energetic Materials with Sol-Gel Methods. 2003. Boston, MA. 
168. Granier, J.J. and M.L. Pantoya. Ignition and Combustion Behaviors of 
Nanocomposite Al/Moo3. 2003. Boston, MA. 
169. Sanders, V.E., B.W. Asay, T.J. Foley, B.C. Tappan, A.N. Pacheco, and S.F. Son, 
Reaction Propagation of Four Nanoscale Energetic Composites (Al/M0o 3, 
Al/Wo3, Al/Cuo, and Bi2o3). Journal of Propulsion and Power, 2007. 23(4): p. 707-
714. 
170. Zhou, L., N. Piekiel, S. Chowdhury, D. Lee, and M.R. Zachariah, Transient Ion 
Ejection During Nanocomposite Thermite Reactions. Journal of Applied Physics, 
2009. 106(8). 
171. Bazyn, T., P. Lynch, H. Krier, and N. Glumac, Combustion Measurements of Fuel-
Rich Aluminum and Molybdenum Oxide Nano-Composite Mixtures. Propellants, 
Explos., Pyrotech., 2010. 35: p. 93-99. 
365 
 
172. Comet, M., V. Pichot, B. Siegert, E. Fousson, J. Mory, F. Moitrier, and D. Spitzer, 
Preparation of Cr2o3 Nanoparticles for Superthermites by the Detonation of an 
Explosive Nanocomposite Material. Journal of Nanoparticle Research, 2011. 13(5): 
p. 1961-1969. 
173. Martirosyan, K.S., Nanoenergetic Gas-Generators: Principles and Applications. 
Journal of Materials Chemistry, 2011. 21(26): p. 9400-9405. 
174. Egan, G.C., T. Lagrange, and M.R. Zachariah, Time-Resolved Nanosecond Imaging 
of Nanoscale Condensed Phase Reaction. Journal of Physical Chemistry C, 2015. 
119(5): p. 2792-2797. 
175. Dreizin, E.L.a.S., M., Mechanochemically Prepared Reactive and Energetic 
Materials: A Review. Journal of Materials Science, 2017: p. 1-21. 
176. Bondarchuk, S.S., A.B. Vorozhtsov, E.A. Kozlov, and Y.V. Feshchenko, Analysis 
of Multidimensional and Two-Phase Flows in Solid Rocket Motors. Journal of 
Propulsion and Power, 1995. 11(4): p. 593-599. 
177. Foley, T., A. Pacheco, J. Malchi, R. Yetter, and K. Higa, Development of 
Nanothermite Composites with Variable Electrostatic Discharge Ignition 
Thresholds. Propellants, Explosives, Pyrotechnics, 2007. 32(6): p. 431-434. 
178. Weir, C., M.L. Pantoya, and M.A. Daniels, The Role of Aluminum Particle Size in 
Electrostatic Ignition Sensitivity of Composite Energetic Materials. Combustion 
and Flame, 2013. 160(10): p. 2279-2281. 
179. Puszynski, J.A., C.J. Bulian, and J.J. Swiatkiewicz, Ignition Characteristics of 
Nanothermite Systems. 2008. 7(1): p. 73-86. 
180. Volkov, A.I. and I.M. Zharsky, Large Chemical Reference. 2005, Minsk, Belarus: 
Modern School. 608. 
181. Nicholas, N.C., Chemistry of Arsenic, Antimony and Bismuth. 1998. 
182. Dreizin, E.L.a.S., M., Nano-Composite Energetic Powders Prepared by Arrested 
Reactive Milling, in US Patent 7,524,355 2009. 
183. Ward, T.S., M.A. Trunov, M. Schoenitz, and E.L. Dreizin, Experimental 
Methodology and Heat Transfer Model for Identification of Ignition Kinetics of 
Powdered Fuels. International Journal of Heat and Mass Transfer, 2006. 49(25-26): 
p. 4943-4954. 
184. Stamatis, D., E.L. Dreizin, and K. Higa, Thermal Initiation of Al-Moo3 
Nanocomposite Materials Prepared by Different Methods. Journal of Propulsion 
and Power, 2011. 27(5): p. 1079-1087. 
366 
 
185. Stamatis, D., Z. Jiang, V.K. Hoffmann, M. Schoenitz, and E.L. Dreizin, Fully 
Dense, Aluminum-Rich Al-Cuo Nanocomposite Powders for Energetic 
Formulations. Combustion Science and Technology, 2009. 181(1): p. 97-116. 
186. Umbrajkar, S.M., M. Schoenitz, and E.L. Dreizin, Exothermic Reactions in Al-Cuo 
Nanocomposites. Thermochimica Acta, 2006. 451(1-2): p. 34-43. 
187. Schoenitz, M., S. Umbrajkar, and E.L. Dreizin, Kinetic Analysis of Thermite 
Reactions in Al-Moo3 Nanocomposites. Journal of Propulsion and Power, 2007. 
23(4): p. 683-687. 
188. Vyazovkin, S., Modification of the Integral Isoconversional Method to Account for 
Variation in the Activation Energy. Journal of Computational Chemistry, 2001. 
22(2): p. 178-183. 
189. Kissinger, H.E., Reaction Kinetics in Differential Thermal Analysis Analytical 
Chemistry, 1957: p. 1702-1706. 
190. McBride, B.J. and S. Gordon, Computer Program for Calculation of Complex 
Chemical Equilibrium Compositions and Applications Ii. Users Manual and 
Program Description. 1996, National Aeronautics and Space Administration, 
Office of Management, Scientific and Technical Information Program. 
191. Beloni, E. and E.L. Dreizin, Ignition of Titanium Powder Layers by Electrostatic 
Discharge. Combustion Science and Technology, 2011. 183(8): p. 823-845. 
192. Busch, L., Thermite and Other Pyrolants. 2017: Independently Published. 
193. Valluri, S.K., M. Schoenitz, and E. Dreizin, Fluorine-Containing Oxidizers for 
Metal Fuels in Energetic Formulations. Defence Technology, 2019. 15(1): p. 1-22. 
194. Fleck, T.J., A.K. Murray, I.E. Gunduz, S.F. Son, G.T.C. Chiu, and J.F. Rhoads, 
Additive Manufacturing of Multifunctional Reactive Materials. Additive 
Manufacturing, 2017. 17: p. 176-182. 
195. Ruz-Nuglo, F.D. and L.J. Groven, 3-D Printing and Development of 
Fluoropolymer Based Reactive Inks. Advanced Engineering Materials, 2018. 
20(2): p. 1700390. 
196. Yang, S., S. Xu, and T. Zhang, Preparation and Performance of Ptef/Al Reactive 
Materials [J]. Journal of National University of Defense Technology, 2008. 6. 
197. Glotov, O.G., D.A. Yagodnikov, V.S. Vorob’ev, V.E. Zarko, and V.N. Simonenko, 
Ignition, Combustion, and Agglomeration of Encapsulated Aluminum Particles in 
a Composite Solid Propellant. Ii. Experimental Studies of Agglomeration. 
Combustion, Explosion, and Shock Waves, 2007. 43(3): p. 320-333. 
367 
 
198. McCollum, J., M.L. Pantoya, and S.T. Lacono, Activating Aluminum Reactivity 
with Fluoropolymer Coatings for Improved Energetic Composite Combustion. 
ACS Applied Materials & Interfaces, 2015. 7(33): p. 18742-18749. 
199. Dreizin, E.L.a.S., M., Nano-Composite Energetic Powders Prepared by Arrested 
Reactive Milling. 2009: US. 
200. Corcoran, A.L., S. Mercati, H. Nie, M. Milani, L. Montorsi, and E.L. Dreizin, 
Combustion of Fine Aluminum and Magnesium Powders in Water. Combustion and 
Flame, 2013. 160(10): p. 2242-2250. 
201. Corcoran, A.L., V.K. Hoffmann, and E.L. Dreizin, Aluminum Particle Combustion 
in Turbulent Flames. Combustion and Flame, 2013. 160(3): p. 718-724. 
202. Mohan, S., M.A. Trunov, and E.L. Dreizin, Heating and Ignition of Metallic 
Particles by a Co2 Laser. Journal of Propulsion and Power, 2008. 24(2): p. 199-
205. 
203. Corcoran, A.L., S. Wang, Y. Aly, and E.L. Dreizin, Combustion of Mechanically 
Alloyed Al·Mg Powders in Products of a Hydrocarbon Flame. Combustion Science 
and Technology, 2015. 187(5): p. 807-825. 
204. Chintersingh, K.L., Q. Nguyen, M. Schoenitz, and E.L. Dreizin, Combustion of 
Boron Particles in Products of an Air–Acetylene Flame. Combustion and Flame, 
2016. 172: p. 194-205. 
205. Chintersingh, K.L., M. Schoenitz, and E.L. Dreizin, Combustion of Boron and 
Boron–Iron Composite Particles in Different Oxidizers. Combustion and Flame, 
2018. 192: p. 44-58. 
206. Wang, S., A.L. Corcoran, and E.L. Dreizin, Combustion of Magnesium Powders in 
Products of an Air/Acetylene Flame. Combustion and Flame, 2015. 162(4): p. 
1316-1325. 
207. Monk, I., M. Schoenitz, and E.L. Dreizin, The Effect of Heating Rate on 
Combustion of Fully Dense Nanocomposite Thermite Particles. Combustion 
Science and Technology, 2018. 190(2): p. 203-221. 
208. Sarou-Kanian, V., J.C. Rifflet, F. Millot, and I. Gökalp, Aluminum Combustion in 
Wet and Dry Co2: Consequences for Surface Reactions. Combustion and Flame, 
2006. 145(1): p. 220-230. 
209. Gany, A., Thermodynamic Limitation on Boron Energy Realization in Ramjet 
Propulsion. Acta Astronautica, 2014. 98(1): p. 128-132. 
210. Gany, A. and Y.M. Timnat, Advantages and Drawbacks of Boron-Fueled 
Propulsion. Acta Astronautica, 1993. 29(3): p. 181-187. 
368 
 
211. Hsieh, W.-H., A. Peretz, I.T. Huang, and K.K. Kuo, Combustion Behavior of 
Boron-Based Bamo/Nmmo Fuel-Rich Solid Propellants. Journal of Propulsion and 
Power, 1991. 7(4): p. 497-504. 
212. Maček, A. and J.M. Semple, Combustion of Boron Particles at Atmospheric 
Pressure. Combust. Sci. Technol., 1969. 1(Copyright (C) 2015 American Chemical 
Society (ACS). All Rights Reserved.): p. 181-91. 
213. Maček, A. and J.M. Semple, Combustion of Boron Particles at Elevated Pressures. 
Symposium (International) on Combustion, 1971. 13(1): p. 859-868. 
214. Natan, B. and A. Gany, Ignition and Combustion of Boron Particles in the 
Flowfield of a Solid Fuel Ramjet. Journal of Propulsion and Power, 1991. 7(1): p. 
37-43. 
215. Natan, B. and A. Gany, Effects of Bypass Air on Boron Combustion in Solid Fuel 
Ramjets. Journal of Propulsion and Power, 1993. 9(1): p. 155-157. 
216. Yetter, R.A., F.L. Dryer, H. Rabitz, R.C. Brown, and C.E. Kolb, Effect of Fluorine 
on the Gasification Rate of Liquid Boron Oxide Droplets. Combustion and Flame, 
1998. 112(3): p. 387-403. 
217. Zhou, W., R.A. Yetter, F.L. Dryer, H. Rabitz, R.C. Brown, and C.E. Kolb, Effect 
of Fluorine on the Combustion of 'Clean' Surface Boron Particles. Combustion and 
Flame, 1998. 112(4): p. 507-521. 
218. Zhou, W., R.A. Yetter, F.L. Dryer, H. Rabitz, R.C. Brown, and C.E. Kolb, Multi-
Phase Model for Ignition and Combustion of Boron Particles. Combustion and 
Flame, 1999. 117(1-2): p. 227-243. 
219. Valluri, S.K., I. Monk, M. Schoenitz, and E.L. Dreizin, Fuel-Rich Aluminum-Metal 
Fluoride Thermites. International Journal of Energetic Materials and Chemical 
Propulsion, 2017. 16(1): p. 81-101. 
220. Chintersingh, K.L., M. Schoenitz, and E.L. Dreizin, Oxidation Kinetics and 
Combustion of Boron Particles with Modified Surface. Combustion and Flame, 
2016. 173: p. 288-295. 
221. Liu, X., J. Gonzales, M. Schoenitz, and E.L. Dreizin, Effect of Purity and Surface 
Modification on Stability and Oxidation Kinetics of Boron Powders. 
Thermochimica Acta, 2017. 652: p. 17-23. 
222. Monk, I., M. Schoenitz, and E.L. Dreizin, Modes of Ignition of Powder Layers of 
Nanocomposite Thermites by Electrostatic Discharge. Journal of Energetic 
Materials, 2016. 35(1): p. 29-43. 
369 
 
223. Monk, I., M. Schoenitz, and E.L. Dreizin, Combustion of a Rapidly Initiated Fully 
Dense Nanocomposite Al–Cuo Thermite Powder. Combustion Theory and 
Modelling, 2019: p. 1-23. 
224. Yeh, C.L. and K.K. Kuo, Ignition and Combustion of Boron Particles. Progress in 
Energy and Combustion Science, 1996. 22(6): p. 511-541. 
225. Chen, B., Z. Xia, L. Huang, and J. Hu, Ignition and Combustion Model of a Single 
Boron Particle. Fuel Processing Technology, 2017. 165: p. 34-43. 
226. Yu, D., J. Zhuo, and Q. Yao, Review on Ignition and Combustion Characteristics 
of Boron Particles. Ranshao Kexue Yu Jishu/Journal of Combustion Science and 
Technology, 2014. 20(1): p. 44-50. 
227. Liu, J.Z., D.L. Liang, Y.N. Zhou, and J.H. Zhou, Review on Ignition and 
Combustion Characteristics of Boron Particles. Guti Huojian Jishu/Journal of 
Solid Rocket Technology, 2017. 40(5): p. 573-582. 
228. Dreizin, E.L., D.G. Keil, W. Felder, and E.P. Vicenzi, Phase Changes in Boron 
Ignition and Combustion. Combustion and Flame, 1999. 119(3): p. 272-290. 
229. Cahill, D.G., H.E. Fischer, S.K. Watson, R.O. Pohl, and G.A. Slack, Thermal 
Properties of Boron and Borides. Physical Review B, 1989. 40(5): p. 3254-3260. 
230. Glassman, I., F.A. Williams, and P. Antaki, A Physical and Chemical 
Interpretation of Boron Particle Combustion. Symposium (International) on 
Combustion, 1985. 20(1): p. 2057-2064. 
231. King, M.K., Boron Particle Ignition in Hot Gas Streams. Combustion Science and 
Technology, 1973. 8(5-6): p. 255-273. 
232. Maček, A., Combustion of Boron Particles: Experiment and Theory. Symposium 
(International) on Combustion, 1973. 14(1): p. 1401-1411. 
233. Krier, H., R.L. Burton, S.R. Pirman, and M.J. Spalding, Shock Initiation of 
Crystalline Boron in Oxygen and Fluorine Compounds. Journal of Propulsion and 
Power, 1996. 12(4): p. 672-679. 
234. Spalding, M.J., H. Krier, and R.L. Burton, Boron Suboxides Measured During 
Ignition and Combustion of Boron in Shocked Ar/F/O 2 and Ar/N 2 /O 2 Mixtures. 
Combustion and Flame, 2000. 120(1-2): p. 200-210. 
235. Hedman, T.D., A.R. Demko, and J. Kalman, Enhanced Ignition of Milled Boron-
Polytetrafluoroethylene Mixtures. Combustion and Flame, 2018. 198: p. 112-119. 
236. Shidlovskii, A.A. and V.V. Gorbunov, Combustion of Ptfe Mixed with Boron, 




237. Liu, T.K., I.M. Shyu, and Y.S. Hsia, Effect of Fluorinated Graphite on Combustion 
of Boron and Boron-Based Fuel-Rich Propellants. Journal of Propulsion and 
Power, 1996. 12(1): p. 26-33. 
238. Valluri, S.K., M. Schoenitz, and E.L. Dreizin, Combustion of Aluminum-Metal 
Fluoride Reactive Composites in Different Environments. Propellants, Explosives, 
Pyrotechnics, 2019. 
239. Valluri, S.K., M. Schoenitz, and E. Dreizin, Boron-Metal Fluoride Reactive 
Composites: Preparation and Reactions Leading to Their Ignition. Journal of 
Propulsion and Power, 2019. 35(4): p. 802-810. 
240. Natan, B. and A. Gany, Combustion Characteristics of a Boron-Fueled Solid Fuel 
Ramjet with Aft-Burner. Journal of Propulsion and Power, 1993. 9(5): p. 694-701. 
241. Ao, W., Y. Wang, and S. Wu, Ignition Kinetics of Boron in Primary Combustion 
Products of Propellant Based on Its Unique Characteristics. Acta Astronautica, 
2017. 136: p. 450-458. 
242. Kalpakli, B., E.B. Acar, and A. Ulas, Improved Combustion Model of Boron 
Particles for Ducted Rocket Combustion Chambers. Combustion and Flame, 2017. 
179: p. 267-279. 
243. Hashim, S.A., P.K. Ojha, S. Karmakar, A. Roy, and D. Chaira, Experimental 
Observation and Characterization of B−Htpb-Based Solid Fuel with Addition of 
Iron Particles for Hybrid Gas Generator in Ducted Rocket Applications. 
Propellants, Explosives, Pyrotechnics, 2019. 
244. Luman, J.R., B. Wehrman, K.K. Kuo, R.A. Yetter, N.M. Masoud, T.G. Manning, 
L.E. Harris, and H.A. Bruck. Development and Characterization of High 
Performance Solid Propellants Containing Nano-Sized Energetic Ingredients. 
2007. Heidelberg. 
245. Arnold, W. and E. Rottenkolber, Combustion of Boron Loaded Explosives. Int. 
Annu. Conf. ICT, 2009. 40th(Copyright (C) 2014 American Chemical Society 
(ACS). All Rights Reserved.): p. 37/1-37/10. 
246. Wu, W.J., W.J. Chi, Q.S. Li, J.N. Ji, and Z.S. Li, Strategy of Improving the Stability 
and Detonation Performance for Energetic Material by Introducing the Boron 
Atoms. Journal of Physical Organic Chemistry, 2017. 
247. Burkland, C.V., Rankine Cycle Powerplant with Boron Slurry Fuel. SAE-Paper 
690732, 1969. 
248. Xu, S., Y. Chen, X. Chen, D. Wu, and D. Liu, Combustion Heat of the Al/B Powder 
and Its Application in Metallized Explosives in Underwater Explosions. 
Combustion, Explosion and Shock Waves, 2016. 52(3): p. 342-349. 
371 
 
249. Rosenband, V., A. Gany, and Y.M. Timnat, Magnesium and Boron Combustion in 
Hot Steam Atmosphere. Defence Science Journal, 1998. 48(3): p. 309-315. 
250. Corcoran, A., S. Mercati, H. Nie, M. Milani, L. Montorsi, and E.L. Dreizin, 
Combustion of Fine Aluminum and Magnesium Powders in Water. Combustion and 
Flame, 2013. 160(10): p. 155-160. 
251. Corcoran, A.L., S. Wang, Y. Aly, and E.L. Dreizin, Combustion of Mechanically 
Alloyed Al·Mg Powders in Products of a Hydrocarbon Flame. Combustion Science 
and Technology, 2015. 187(5): p. 807-825. 
252. Chintersingh, K.L., M. Schoenitz, and E.L. Dreizin, Boron Doped with Iron: 
Preparation and Combustion in Air. Combustion and Flame, 2019: p. 286-295. 
253. Solozhenko, V.L., O.O. Kurakevych, V.Z. Turkevich, and D.V. Turkevich, Phase 
Diagram of the B-B2o3 System at 5 Gpa: Experimental and Theoretical Studies. 
Journal of Physical Chemistry B, 2008. 112(21): p. 6683-6687. 
254. Karmakar, S., N. Wang, S. Acharya, and K.M. Dooley, Effects of Rare-Earth Oxide 
Catalysts on the Ignition and Combustion Characteristics of Boron Nanoparticles. 
Combustion and Flame, 2013. 160(12): p. 3004-3014. 
255. Yu, H.T., M.X. Li, and H.G. Fu, Theoretical Study on the Mechanism of the Hf + 
Hobo Reaction. Chemical Physics Letters, 2003. 379(1-2): p. 105-112. 
256. Koch, E.-C. and D. Clément, Special Materials in Pyrotechnics: Vi. Silicon – an 
Old Fuel with New Perspectives. Propellants, Explosives, Pyrotechnics, 2007. 
32(3): p. 205-212. 
257. Yaroshevsky, A.A., Abundances of Chemical Elements in the Earth’s Crust. 
Geochemistry International, 2006. 44(1): p. 48-55. 
258. Gelain, C., A. Cassuto, and P. Le Goff, Kinetics and Mechanism of Low-Pressure, 
High-Temperature Oxidation of Silicon-Ii. Oxidation of Metals, 1971. 3(2): p. 139-
151. 
259. Rugunanan, R.A. and M.E. Brown, Reactions of Powdered Silicon with Some 
Pyrotechnic Oxidants. Journal of thermal analysis, 1991. 37(6): p. 1193-1211. 
260. Deal, B.E. and A.S. Grove, General Relationship for the Thermal Oxidation of 
Silicon. Journal of Applied Physics, 1965. 36(12): p. 3770-3778. 
261. Cabrera, M. and N. Francis, Theory of the Oxidation of Metals. Reports on progress 
in physics, 1949. 12(1): p. 163-184. 
262. Braun, G., G. Boden, K. Henkel, and H. Rossbach, Thermal Analysis of the Direct 
Nitridation of Silicon to Si3n4. 2005. 33(2): p. 479. 
372 
 
263. Rugunanan, R.A. and M.E. Brown, Combustion of Binary and Ternary 
Silicon/Oxidant Pyrotechnic Systems, Part I: Binary Systems with Fe203 and Sn02 
as Oxidants. Combustion Science and Technology, 1993. 95(1-6): p. 61-83. 
264. Mason, B.A., L.J. Groven, S.F. Son, and R. Yetter, Combustion Performance of 
Several Nanosilicon-Based Nanoenergetics. Journal of Propulsion and Power, 
2013. 29(6): p. 1435-1444. 
265. Rugunanan, A.R. and M.E. Brown, Combustion of Binary and Ternary 
Silicon/Oxidant Pyrotechnic Systems, Part Iii: Ternary Systems. Combustion 
Science and Technology, 1993. 95(1-6): p. 101-115. 
266. Rugunanan, A.R. and M.E. Brown, Combustion of Binary and Ternary 
Silicon/Oxidant Pyrotechnic Systems, Part Iv: Kinetic Aspects. Combustion 
Science and Technology, 1993. 95(1-6): p. 117-138. 
267. Aaron Mason, B., L.J. Groven, S.F. Son, and R.A. Yetter, Combustion 
Performance of Several Nanosilicon-Based Nanoenergetics. Journal of Propulsion 
and Power, 2013. 29(6): p. 1435-1444. 
268. Piekiel, N.W., W.A. Churaman, C.J. Morris, and L.J. Currano. Combustion and 
Material Characterization of Porous Silicon Nanoenergetics. in Proceedings of the 
IEEE International Conference on Micro Electro Mechanical Systems (MEMS). 
2013. 
269. Piekiel, N.W., C.J. Morris, L.J. Currano, D.M. Lunking, B. Isaacson, and W.A. 
Churaman, Enhancement of on-Chip Combustion Via Nanoporous Silicon 
Microchannels. Combustion and Flame, 2014. 161(5): p. 1417-1424. 
270. Plummer, A., V.A. Kuznetsov, J. Gascooke, J. Shapter, and N.H. Voelcker, Laser 
Shock Ignition of Porous Silicon Based Nano-Energetic Films. Journal of Applied 
Physics, 2014. 116(5). 
271. Kasi, S.R., M. Liehr, and S. Cohen, Chemistry of Fluorine in the Oxidation of 
Silicon. Applied Physics Letters, 1991. 58(25): p. 2975-2977. 
272. Terry, B.C., Y.-C. Lin, K.V. Manukyan, A.S. Mukasyan, S.F. Son, and L.J. Groven, 
The Effect of Silicon Powder Characteristics on the Combustion of 
Silicon/Teflon/Viton Nanoenergetics. Propellants, Explosives, Pyrotechnics, 2014. 
39(3): p. 337-347. 
273. Valluri, S.K., D. Bushiri, M. Schoenitz, and E.L. Dreizin, Fuel-Rich Aluminum–
Nickel Fluoride Reactive Composites. Combustion and Flame, 2019. 210: p. 439-
453. 
274. Valluri, S.K., M. Schoenitz, and E.L. Dreizin, Combustion of Aluminum-Metal 
Fluoride Reactive Composites in Different Environments. Propellants, Explosives, 
Pyrotechnics, 2019. 44(10): p. 1327-1336. 
373 
 
275. Valluri, S.K., K.K. Ravi, M. Schoenitz, and E.L. Dreizin, Effect of Boron Content 
in B·Bif3 and B·Bi Composites on Their Ignition and Combustion. Combustion and 
Flame, 2020. 215: p. 78-85. 
276. Valluri, S.K., M. Schoenitz, and E. Dreizin, Bismuth Fluoride-Coated Boron 
Powders as Enhanced Fuels. Combustion and Flame, 2020. 221: p. 1-10. 
277. Valluri, S.K., M. Schoenitz, and E. Dreizin, Combustion of Composites of Boron 
with Bismuth and Cobalt Fluorides in Different Environments. Combustion Science 
and Technology, 2019. 
278. Badiola, C., M. Schoenitz, X. Zhu, and E.L. Dreizin. Aluminum Rich Al-Cuo 
Nanocomposite Materials Prepared by Arrested Reactive Milling at Cryogenic and 
Room Temperatures. 2009. Orlando, FL. 
279. Corcoran, A., S. Mercati, H. Nie, M. Milani, L. Montorsi, and E.L. Dreizin, 
Combustion of Fine Aluminum and Magnesium Powders in Water, 2013. 160: p. 
155-160. 
280. Laval, J.P., J.C. Champarnaudmesjard, B. Frit, A. Britel, and A. Mikou, Bi7f11o5 
- a New Ordered Anion-Excess Fluorite-Related Structure Withcolumnar Clusters. 
European journal of solid state and inorganic chemistry, 1994. 31(10): p. 943-956. 
281. Laval, J.P., J.C. Champarnaud-Mesjard, A. Britel, and A. Mikou, Bi(F, O)2.45: An 
Anion-Excess Fluorite Defect Structure Deriving from Rhombohedral Lnfo Type. 
Journal of Solid State Chemistry, 1999. 146(1): p. 51-59. 
282. Kuriakose, A.K. and J.L. Margrave, Kinetics of Reaction of Elemental Fluorine. Iii. 
Fluorination of Silicon and Boron1. The Journal of Physical Chemistry, 1964. 
68(9): p. 2671-2675. 
283. DeLuca, L.T., E. Marchesi, M. Spreafico, A. Reina, F. Maggi, L. Rossettini, A. 
Bandera, G. Colombo, and B.M. Kosowski, Aggregation Versus Agglomeration in 
Metallized Solid Rocket Propellants. International Journal of Energetic Materials 
and Chemical Propulsion, 2010. 9(1): p. 91-105. 
284. Maggi, F., A. Bandera, L. Galfetti, L.T. De Luca, and T.L. Jackson, Efficient Solid 
Rocket Propulsion for Access to Space. Acta Astronautica, 2010. 66(11-12): p. 
1563-1573. 
285. Sippel, T.R., S.F. Son, L.J. Groven, S. Zhang, and E.L. Dreizin, Exploring 
Mechanisms for Agglomerate Reduction in Composite Solid Propellants with 
Polyethylene Inclusion Modified Aluminum. Combustion and Flame, 2015. 162(3): 
p. 846-854. 
286. Aly, Y. and E.L. Dreizin, Ignition and Combustion of Al·Mg Alloy Powders 




287. Wang, S., A. Abraham, Z. Zhong, M. Schoenitz, and E.L. Dreizin, Ignition and 
Combustion of Boron-Based Al·B·I2 and Mg·B·I2 Composites. Chemical 
Engineering Journal, 2016. 293: p. 112-117. 
288. Santhanam, P.R., V.K. Hoffmann, M.A. Trunov, and E.L. Dreizin, Characteristics 
of Aluminum Combustion Obtained from Constant-Volume Explosion Experiments. 
Combustion Science and Technology, 2010. 182(7): p. 904-921. 
289. Schoenitz, M., E.L. Dreizin, and E. Shtessel, Constant Volume Explosions of 
Aerosols of Metallic Mechanical Alloys and Powder Blends. Journal of Propulsion 
and Power, 2003. 19(3): p. 405-412. 
290. Polyanskiy, M.N. Refractive Index Database.  [cited 2018 12-05-18]; Available 
from: https://refractiveindex.info. 
291. Domalski, E.S.a.H., E.D., Condensed Phase Heat Capacity Data, in NIST 
Chemistry WebBook, NIST Standard Reference Database Number 69, P.J.a.M. 
Linstorm, W.G., Editor., National Institute of Standards and Technology: 
Gaithersburg MD, 20899. 
292. Gill, R.J., C. Badiola, and E.L. Dreizin, Combustion Times and Emission Profiles 
of Micron-Sized Aluminum Particles Burning in Different Environments. 
Combustion and Flame, 2010. 157(11): p. 2015-2023. 
293. McBride, B.J. and S. Gordon, Computer Program for Calculation of Complex 
Chemical Equilibrium Compositions and Applications: Ii. 1996: Nationa 
Aeronautics and Space Administration, Office of Management, Scientific and 
Technical Information Program. 
294. Sandall, E.T., J. Kalman, J.N. Quigley, S. Munro, and T.D. Hedman, A Study of 
Solid Ramjet Fuel Containing Boron–Magnesium Mixtures. Propulsion and Power 
Research, 2017. 6(4): p. 243-252. 
295. Mačeic, A. and J.M. Semple, Combustion of Boron Particles at Atmospheric 
Pressure. Combustion Science and Technology, 1969. 1(3): p. 181-191. 
296. Aly, Y., M. Schoenitz, and E.L. Dreizin, Ignition and Combustion of Mechanically 
Alloyed Al-Mg Powders with Customized Particle Sizes. Combustion and Flame, 
2013. 160(4): p. 835-842. 
297. Wang, S., M. Schoenitz, and E.L. Dreizin, Combustion of Boron and Boron-
Containing Reactive Composites in Laminar and Turbulent Air Flows. Combustion 
Science and Technology, 2017. 189(4): p. 683-697. 
298. Valluri, S.K., M. Schoenitz, and E.L. Dreizin, Combustion of Composites of Boron 
with Bismuth Fluoride and Cobalt Fluoride in Different Environments. Combustion 
Science and Technology, (Submitted). 
375 
 
299. Bowman, A.W. and A. Azzalini, Applied Smoothing Techniques for Data Analysis: 
The Kernel Approach with S-Plus Illustrations. 1997: OUP Oxford. 
300. Trunov, M.A., V.K.H. Hoffmann, M. Schoenitz, and E.L. Dreizin. Combustion of 
Boron-Titanium Nanocomposite Powders in Different Environments. 2006. 
Sacramento, CA. 
301. Miyayama, T., H. Oshima, S. Toshiyuki, T. Odawara, M. Tanabe, and T. 
Kuwahara. Improving Combustion of Boron Particles in Secondary Combustor of 
Ducted Rockets. in Collection of Technical Papers - AIAA/ASME/SAE/ASEE 42nd 
Joint Propulsion Conference. 2006. 
302. Hastings, D., M. Schoenitz, and E.L. Dreizin, Zirconium-Boron Reactive 
Composite Powders Prepared by Arrested Reactive Milling. Journal of Energetic 
Materials, 2020. 38(2): p. 142-161. 
303. Pace, K.K., T.A. Jarymowycz, V. Yang, and K.K. Kuo. Effect of Magnesium-
Coated Boron Particles on Burning Characteristics of Solid Fuels in High-Speed 
Crossflows. 1993. CRC. 
304. Liu, L.-l., P.-j. Liu, and G.-q. He, Ignition and Combustion Characteristics of 
Compound of Magnesium and Boron. J. Therm. Anal. Calorim., 2015. 
121(Copyright (C) 2015 American Chemical Society (ACS). All Rights 
Reserved.): p. 1205-1212. 
305. Liu, X., K.L. Chintersingh, M. Schoenitz, and E.L. Dreizin, Reactive Composite 
Boron - Magnesium Powders Prepared by Mechanical Milling. Journal of 
Propulsion and Power, 2018. 34(3): p. 787-794. 
306. Chintersingh, K.-L., M. Schoenitz, and E.L. Dreizin, Transition Metal Catalysts for 
Boron Combustion. Combustion Science and Technology, 2019: p. 1-25. 
307. Valluri, S.K., D. Bushiri, M. Schoenitz, and E.L. Dreizin, Fuel-Rich Aluminum-
Nickel Fluoride Reactive Composites. Combustion and Flame, 2019 (Accepted). 
308. Chintersingh, K.-L., M. Schoenitz, and E.L. Dreizin, Boron Doped with Iron: 
Preparation and Combustion in Air. Combustion and Flame, 2019. 200: p. 286-
295. 
309. Ezema F.I., N.M., Optical Properties of Chemical Bath Deposited Bismuth 
Fluoride (Bif3) Thin Films. Discovery and Innovation, 2007. 19(1): p. 33-36. 
310. Ezema, F.I., Chemical Bath Deposition of Bismuth Chloride Oxide (Biclo) Thin 




311. Ezema F.I., Solution Growth and Characterization of Binary and Ternary Halide 
and Chalcogenide Thin Films for Industrial and Solar Energy Applications, in 
Department of Physics/Astronomy. 2000, University of Nigeria: Nsukka. 
312. Yang, J., A. Sliva, A. Banerjee, R.N. Dave, and R. Pfeffer, Dry Particle Coating 
for Improving the Flowability of Cohesive Powders. Powder Technology, 2005. 
158(1-3): p. 21-33. 
313. Gurevich, M., K. Lapkina, and E. Ozerov, Limiting Conditions for Ignition of an 
Aluminum Particle(Limiting Temperature and Size Conditions for Aluminum 
Particle Ignition in Mixtures of Oxygen with Argon and Nitrogen). FIZIKA 
GORENIIA I VZRYVA, 1970. 6: p. 172-176. 
314. Sundaram, D.S., V. Yang, and V.E. Zarko, Combustion of Nano Aluminum 
Particles (Review). Combustion, Explosion and Shock Waves, 2015. 51(2): p. 173-
196. 
315. Starik, A.M., A.M. Savel’ev, and N.S. Titova, Specific Features of Ignition and 
Combustion of Composite Fuels Containing Aluminum Nanoparticles (Review). 
Combustion, Explosion, and Shock Waves, 2015. 51(2): p. 197-222. 
316. Zohari, N., M.H. Keshavarz, and S.A. Seyedsadjadi, The Advantages and 
Shortcomings of Using Nano-Sized Energetic Materials. Central European Journal 
of Energetic Materials, 2013. 10. 
317. Galfetti, L., L.T. DeLuca, F. Severini, G. Colombo, L. Meda, and G. Marra, Pre 
and Post-Burning Analysis of Nano-Aluminized Solid Rocket Propellants. 
Aerospace Science and Technology, 2007. 11(1): p. 26-32. 
318. Ruff, O. and E. Ascher, Die Fluoride Der Viii. Gruppe Des Periodischen Systems. 
Zeitschrift für anorganische und allgemeine Chemie, 1929. 183(1): p. 193-213. 
319. Valluri, S.K., M. Schoenitz, and E. Dreizin, Preparation and Characterization of 
Silicon-Metal Fluoride Reactive Composites. Nanomaterials, 2020. 10(12): p. 1-23. 
320. Monk, I., R. Williams, X. Liu, and E.L. Dreizin, Electro-Static Discharge Ignition 
of Monolayers of Nanocomposite Thermite Powders Prepared by Arrested Reactive 
Milling. Combustion Science and Technology, 2015. 187(8): p. 1276-1294. 
321. Williams, R.A., J.V. Patel, and E.L. Dreizin, Ignition of Fully Dense 
Nanocomposite Thermite Powders by an Electric Spark. Journal of Propulsion and 
Power, 2014. 30(3): p. 765-774. 
322. Zhu, P., J.C.M. Li, and C.T. Liu, Reaction Mechanism of Combustion Synthesis of 
Nial. Materials Science and Engineering: A, 2002. 329-331: p. 57-68. 
323. Nash, P. and A. Nash, The Ni−Si (Nickel-Silicon) System. Bulletin of Alloy Phase 
Diagrams, 1987. 8(1): p. 6-14. 
377 
 
324. B (Boron) Binary Alloy Phase Diagrams, in Alloy Phase Diagrams, H. Okamoto, 
M.E. Schlesinger, and E.M. Mueller, Editors. 2016, ASM International. p. 0. 
325. McAlister, A.J., The Al-Co (Aluminum-Cobalt) System. Bulletin of Alloy Phase 
Diagrams, 1989. 10(6): p. 646-650. 
326. Ishida, K., T. Nishizawa, and M.E. Schlesinger, The Co-Si (Cobalt-Silicon) System. 
Journal of Phase Equilibria, 1991. 12(5): p. 578-586. 
327. Cahn, R.W., Binary Alloy Phase Diagrams–Second Edition. T. B. Massalski, 
Editor-in-Chief; H. Okamoto, P. R. Subramanian, L. Kacprzak, Editors. Asm 
International, Materials Park, Ohio, USA. December 1990. Xxii, 3589 Pp., 3 Vol., 
Hard- Back. $995.00 the Set. Advanced Materials, 1991. 3(12): p. 628-629. 
328. Okamoto, H., Supplemental Literature Review of Binary Phase Diagrams: Al-Bi, 
Al-Dy, Al-Gd, Al-Tb, C-Mn, Co-Ga, Cr-Hf, Cr-Na, Er-H, Er-Zr, H-Zr, and Ni-Pb. 
Journal of Phase Equilibria and Diffusion, 2014. 35(3): p. 343-354. 
329. Olesinski, R.W. and G.J. Abbaschian, The Bi−Si (Bismuth-Silicon) System. Bulletin 
of Alloy Phase Diagrams, 1985. 6(4): p. 359-361. 
330. Mal, I., R.K. Mahato, V. Tiwari, and D.P. Samajdar, First Principle Studies on the 
Structural, Thermodynamic and Optoelectronic Properties of Boron Bismuth: A 
Promising Candidate for Mid-Infrared Optoelectronic Applications. Materials 
Science in Semiconductor Processing, 2021. 121: p. 105352. 
331. Liu, X., J. Gonzales, M. Schoenitz, and E. Dreizin, Effect of Purity and Surface 
Modification on Stability and Oxidation Kinetics of Boron Powders. 
Thermochimica Acta, 2017. 652. 
332. Nandi, A.K., M. Ghosh, S. Newale, A. Jadhav, H. Prasanth, and R. Pandey, 
Formation of Boric Acid by Surface Oxidation of Amorphous Boron Powder: 
Characterization and Quantitative Estimation. Central European Journal of 
Energetic Materials, 2012. 9: p. 387-398. 
333. Kissinger, H.E., Reaction Kinetics in Differential Thermal Analysis. Analytical 
Chemistry, 1957. 29(11): p. 1702-1706. 
334. Morell, A., B. Tanguy, and J. Portier, Le Système Bi2o3-Bif3. Bulletin the la Societe 
Chimique de France, 1971. 7: p. 2502-2504. 
335. Pettit, F., Oxidation Mechanisms for Nickel-Aluminum Alloys at Temperatures 
between 900℃ and 1300℃. Transactions of the Metallurgical Society of AIME, 
1967. 239: p. 1296-1305. 
336. Cui, Z.-x., Y.-n. Feng, Y.-q. Xue, J. Zhang, R. Zhang, J. Hao, and J.-y. Liu, Shape 
Dependence of Thermodynamics of Adsorption on Nanoparticles: A Theoretical 
378 
 
and Experimental Study. Physical Chemistry Chemical Physics, 2018. 20(47): p. 
29959-29968. 
337. Trunov, M., M. Schoenitz, X. Zhu, and E. Dreizin, Effect of Polymorphic Phase 
Transformations in Al2o3 Film on Oxidation Kinetics of Aluminum Powders. 
Combustion and Flame, 2005. 140: p. 310-318. 
338. Gulbransen, E.A. and K.F. Andrew, The Kinetics of the Oxidation of Cobalt. 
Journal of The Electrochemical Society, 1951. 98(6): p. 241. 
339. Schoenitz, M., B. Patel, O. Agboh, and E.L. Dreizin, Oxidation of Aluminum 
Powders at High Heating Rates. Thermochimica Acta, 2010. 507-508: p. 115-122. 
340. McBride, B.J. and S. Gordon, Computer Program for Calculation of Complex 
Chemical Equilibrium Compositions and Applications Ii. Users Manual and 
Program Description. 1996: NASA RP 1311. 
341. Myung, S.-T., M. Kikuchi, C.S. Yoon, H. Yashiro, and Y.-K. Sun, A New Synthetic 
Method of Titanium Oxyfluoride and Its Application as an Anode Material for 
Rechargeable Lithium Batteries. Journal of Power Sources, 2015. 288: p. 376-383. 
342. Cambaz, M.A., B.P. Vinayan, O. Clemens, A.R. Munnangi, V.S.K. 
Chakravadhanula, C. Kübel, and M. Fichtner, Vanadium Oxyfluoride/Few-Layer 
Graphene Composite as a High-Performance Cathode Material for Lithium 
Batteries. Inorganic Chemistry, 2016. 55(8): p. 3789-3796. 
343. Corbin, O., Fluoride and Oxyfluoride Compounds and Niobium, Antimony and 
Tellurium. 1982: France. p. 81. 
344. Kitajou, A., L. Zhao, R. Nagano, A. Inoishi, E. Kobayashi, and S. Okada, 
Electrochemical Performance and Thermal Stability of Iron Oxyfluoride (Feof) for 
Sodium-Ion Batteries. Batteries, 2018. 4(4). 
345. Bushlaev, Y.A., Y.E. Gorbunova, and M.P. Gustyakova, The Oxyfluorides of 
Zirconium and Hafnium. Bulletin of the Academy of Sciences of the USSR, 
Division of chemical science, 1962. 11(2): p. 177-183. 
346. Mukai, K., T. Uyama, and I. Yamada, Electrochemical Properties of Chromium 
Oxyfluoride Cro2−Xfx with 0 ≤ X ≤ 0.3. Inorganic Chemistry Frontiers, 2019. 6(11): 
p. 3196-3202. 
347. Zhang, L., D. Dambournet, A. Iadecola, D. Batuk, O.J. Borkiewicz, K.M. 
Wiaderek, E. Salager, M. Shao, G. Chen, and J.-M. Tarascon, Origin of the High 
Capacity Manganese-Based Oxyfluoride Electrodes for Rechargeable Batteries. 
Chemistry of Materials, 2018. 30(15): p. 5362-5372. 
348. Dehnicke, K., Über Titandifluoriddichlorid Und Titanoxidfluorid. 
Naturwissenschaften, 1965. 52(24): p. 660-660. 
379 
 
349. Dabachi, J., M. Body, C. Galven, F. Boucher, and C. Legein, Preparation-
Dependent Composition and O/F Ordering in Nbo2f and Tao2f. Inorganic 
Chemistry, 2017. 56(9): p. 5219-5232. 
350. Mori, T., K. Kajihara, K. Kanamura, Y. Toda, H. Hiramatsu, and H. Hosono, 
Indium-Based Ultraviolet-Transparent Electroconductive Oxyfluoride Inof: 
Ambient-Pressure Synthesis and Unique Electronic Properties in Comparison with 
In2o3. Journal of the American Chemical Society, 2013. 135(35): p. 13080-13088. 
351. Bervas, M., L.C. Klein, and G.G. Amatucci, Reversible Conversion Reactions with 
Lithium in Bismuth Oxyfluoride Nanocomposites. Journal of The Electrochemical 
Society, 2006. 153(1): p. A159. 
352. Sleight, A.W., Tungsten and Molybdenum Oxyfluorides of the Type Mo3-Xfx. 
Inorganic Chemistry, 1969. 8(8): p. 1764-1767. 
353. Maciąg, T., Enthalpy of Formation of Intermetallic Phases from Al–Zr System 
Determined by Calorimetric Solution Method. Journal of Thermal Analysis and 
Calorimetry, 2018. 134(1): p. 423-431. 
354. Meschel, S.V. and O.J. Kleppa, Thermochemistry of Alloys of Transition Metals 
and Lanthanide Metals with Some Iiib and Ivb Elements in the Periodic Table. 
Journal of Alloys and Compounds, 2001. 321(2): p. 183-200. 
355. Desai, P.D., Thermodynamic Properties of Selected Binary Aluminum Alloy 
Systems. Journal of Physical and Chemical Reference Data, 1987. 16(1): p. 109-
124. 
356. Cinca, N., C.R.C. Lima, and J.M. Guilemany, An Overview of Intermetallics 
Research and Application: Status of Thermal Spray Coatings. Journal of Materials 
Research and Technology, 2013. 2(1): p. 75-86. 
357. Audier, M., M. Durand-Charre, E. Laclau, and H. Klein, Phase Equilibria in the Al
• Cr System. Journal of Alloys and Compounds, 1995. 220(1): p. 225-230. 
358. Lindahl, B., X.L. Liu, Z.-K. Liu, and M. Selleby, A Thermodynamic Re-Assessment 
of Al–V toward an Assessment of the Ternary Al–Ti–V System. Calphad, 2015. 51: 
p. 75-88. 
359. Wang, P., W. Xiong, U.R. Kattner, C.E. Campbell, E.A. Lass, O.Y. Kontsevoi, and 
G.B. Olson, Thermodynamic Re-Assessment of the Al-Co-W System. Calphad, 
2017. 59: p. 112-130. 
360. Okamoto, H., The Si-Zr (Silicon-Zirconium) System. Journal of Phase Equilibria, 
1990. 11(5): p. 513-519. 
361. Alloy Phase Diagrams, ed. H. Okamoto, M.E. Schlesinger, and E.M. Mueller. 
2016: ASM International. 
380 
 
362. Liu, X.J., I. Ohnuma, R. Kainuma, and K. Ishida, Thermodynamic Assessment of 
the Aluminum-Manganese (Al-Mn) Binary Phase Diagram. Journal of Phase 
Equilibria, 1999. 20(1): p. 45. 
363. Okamoto, H., Mn-Si (Manganese-Silicon). Journal of Phase Equilibria, 1991. 
12(4): p. 505-507. 
364. Liao, P.K. and K.E. Spear, The B−Mn (Boron-Manganese) System. Bulletin of 
Alloy Phase Diagrams, 1986. 7(6): p. 543-549. 
365. Ti (Titanium) Binary Alloy Phase Diagrams, in Alloy Phase Diagrams. 2016, ASM 
International. p. 0. 
366. Fiore, M., F. Beneduce Neto, and C.R.d.F. Azevedo, Assessment of the Ti-Rich 
Corner of the Ti-Si Phase Diagram: The Recent Dispute About the Eutectoid 
Reaction. Materials Research, 2016. 19: p. 942-953. 
367. Murray, J.L., P.K. Liao, and K.E. Spear, The B−Ti (Boron-Titanium) System. 
Bulletin of Alloy Phase Diagrams, 1986. 7(6): p. 550-555. 
368. Murray, J.L., The Al-Cr (Aluminum-Chromium) System. Journal of Phase 
Equilibria, 1998. 19(4): p. 367. 
369. Gokhale, A.B. and G.J. Abbaschian, The Cr−Si (Chromium-Silicon) System. 
Journal of Phase Equilibria, 1987. 8(5): p. 474. 
370. Liao, P.K. and K.E. Spear, The B−Cr (Boron-Chromium) System. Bulletin of Alloy 
Phase Diagrams, 1986. 7(3): p. 232-237. 
371. Murray, J.L., The Al−Zn (Aluminum-Zinc) System. Bulletin of Alloy Phase 
Diagrams, 1983. 4(1): p. 55-73. 
372. Olesinski, R.W. and G.J. Abbaschian, The Si-Zn (Silicon-Zinc) System. Bulletin of 
Alloy Phase Diagrams, 1985. 6(6): p. 545-548. 
373. Okamoto, H. and T.B. Massalski, Thermodynamically Improbable Phase 
Diagrams. Journal of Phase Equilibria, 1991. 12(2): p. 148-168. 
374. Okamoto, H., Al-Ta (Aluminum-Tantalum). Journal of Phase Equilibria and 
Diffusion, 2010. 31(6): p. 578-579. 
375. Schlesinger, M.E., The Si-Ta (Silicon-Tantalum) System. Journal of Phase 
Equilibria, 1994. 15(1): p. 90-95. 
376. Binary Phase Diagrams, in Alloy Phase Diagrams, H. Okamoto, M.E. Schlesinger, 
and E.M. Mueller, Editors. 2016, ASM International. p. 0. 
381 
 
377. Saunders, N. and L. Thermotech, The Al-Mo System (Aluminum-Molybdenum). 
Journal of Phase Equilibria, 1997. 18(4): p. 370. 
378. Okamoto, H., Mo-Si (Molybdenum-Silicon). Journal of Phase Equilibria and 
Diffusion, 2011. 32(2): p. 176-176. 
379. von Goldbeck, O.K., Iron—Aluminium Fe—Al, in Iron—Binary Phase Diagrams, 
O.K. von Goldbeck, Editor. 1982, Springer Berlin Heidelberg: Berlin, Heidelberg. 
p. 5-9. 
380. von Goldbeck, O.K., Fe—Si Iron—Silicon, in Iron—Binary Phase Diagrams, O.K. 
von Goldbeck, Editor. 1982, Springer Berlin Heidelberg: Berlin, Heidelberg. p. 
136-139. 
381. Okamoto, H., Al-V (Aluminum-Vanadium). Journal of Phase Equilibria and 
Diffusion, 2012. 33(6): p. 491-491. 
382. Smith, J.F., The Si−V (Silicon-Vanadium) System: Addendum. Bulletin of Alloy 
Phase Diagrams, 1985. 6(3): p. 266-271. 
383. McAlister, A.J., The Al-Pb (Aluminum-Lead) System. Bulletin of Alloy Phase 
Diagrams, 1984. 5(1): p. 69-73. 
384. Olesinski, R.W. and G.J. Abbaschian, The Pb−Si (Lead−Silicon) System. Bulletin 
of Alloy Phase Diagrams, 1984. 5(3): p. 271-273. 
385. Elliott, R.P. and F.A. Shunk, The Al−Sn (Aluminum-Tin) System. Bulletin of Alloy 
Phase Diagrams, 1980. 1(1): p. 85-87. 
386. Olesinski, R.W. and G.J. Abbaschian, The Si−Sn (Silicon−Tin) System. Bulletin of 
Alloy Phase Diagrams, 1984. 5(3): p. 273-276. 
387. Itkin, V.P., The B-Sn (Boron-Tin) System. Journal of Phase Equilibria, 1996. 17(2): 
p. 129-129. 
388. Barablin, D. and M. Zakharov, Phase Diagram Calculation of Binary Solutions of 
the Peritectic Type in the Generalized Lattice Model. Journal of Physics 
Conference Series, 2013. 461: p. 2005. 
389. Massalski, T.B., The Al−Cu (Aluminum-Copper) System. Bulletin of Alloy Phase 
Diagrams, 1980. 1(1): p. 27-33. 
390. Olesinski, R.W. and G.J. Abbaschian, The Cu−Si (Copper-Silicon) System. Bulletin 
of Alloy Phase Diagrams, 1986. 7(2): p. 170-178. 
391. Chakrabarti, D., D. Laughlin, and P. Subramanian, Phase Diagrams of Binary 
Copper Alloys. 1994: ASM international. 
382 
 
392. Okamoto, H., Al-in (Aluminum-Indium). Journal of Phase Equilibria and Diffusion, 
2012. 33(5): p. 413-413. 
393. Mostafa, A. and M. Medraj, Binary Phase Diagrams and Thermodynamic 
Properties of Silicon and Essential Doping Elements (Al, as, B, Bi, Ga, in, N, P, Sb 
and Tl). Materials, 2017. 10(6): p. 676. 
394. McAlister, A.J., The Ag−Al (Silver-Aluminum) System. Bulletin of Alloy Phase 
Diagrams, 1987. 8(6): p. 526-533. 
395. Franke, P. and D. Neuschütz, Ag-B (Silver - Boron): Datasheet from Landolt-
Börnstein - Group Iv Physical Chemistry · Volume 19b5: "Binary Systems. Part 5: 
Binary Systems Supplement 1" in Springermaterials 
(Https://Doi.Org/10.1007/978-3-540-45280-5_3). Springer-Verlag Berlin 
Heidelberg. 
396. Okamoto, H., Al-Au (Aluminum-Gold). Journal of Phase Equilibria and Diffusion, 
2005. 26(4): p. 391-393. 
397. Hansen, M., R.P. Elliott, F.A. Shunk, and I. Research, Constitution of Binary 
Alloys. 1958, New York: McGraw-Hill. 
398. Franke, P. and D. Neuschütz, Au-B (Gold - Boron): Datasheet from Landolt-
Börnstein - Group Iv Physical Chemistry · Volume 19b5: "Binary Systems. Part 5: 
Binary Systems Supplement 1" in Springermaterials 
(Https://Doi.Org/10.1007/978-3-540-45280-5_27). Springer-Verlag Berlin 
Heidelberg. 
399. Ode, M., T. Abe, H. Murakami, Y. Yamabe-Mitarai, T. Hara, K. Nagashio, C. 
Kocer, and H. Onodera, An Investigation of the Phase Diagram of the Al–Ir Binary 
System. Intermetallics, 2008. 16(10): p. 1171-1178. 
400. Okamoto, H., Ir-Si (Iridium-Silicon). Journal of Phase Equilibria and Diffusion, 
2007. 28(5): p. 495-495. 
401. Zeiringer, I., X. Cheng, X.-Q. Chen, E. Bauer, G. Giester, and P.F. Rogl, 铱硼二
元系相及晶体结构的澄清. SCIENCE CHINA Materials, 2015. 58(2095-8226): 
p. 649. 
 
